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till*  i-i' I 1 1*0 1 ion  o*  d.it.i  on  iniport.mt  p.ir.'imotors  .iffoi-tinp,  tlu*  qn.iiily 
.'ind  clwi  rac  t or  i s t i cs  of  oxplosivi*  wolds,  tlu*  evaluation  iii  wold  i|u.'ilitv, 
till*  analysis  of  daf.n  usinp,  models  dovelopi-d  for  that  purpose,  and  the 
determination  of  possihle  applirations  for  the  EiW  process.  Explosive 
weld  desii;n  ha.*  tended  to  he  a Very  pragmitic  t r ia  1 - and  - oxpins  i ve- or  r or 
process.  If  EIW  is  'o  heroine  a useful  technique  in  f leid  app ! i cat  ion;  . 
it  is  necoss.iry  that  a firm  theorel  ica  i basis  he  estihlished  to  permit 
design  of  welds  and  accirate  prediction  of  results.  The  purpo-.e  Ot 
this  study,  then,  has  been  to  advance  the  understand i ng  of  the  hlW 
phenomenon  tow'ard  th.it  point  where  weld  character isf  ics  can  he  .iccu- 
rately  iori*c.i.st  and  the  necessary  par.imeters  for  high  quality  wi-lding 
can  be  reliably  est.ihlished  by  the  designer. 

Additionally,  EIW  offers  the  cap.ibillty  to  accomplish  feats  impos- 
sible with  conventional  welding  techniques,  sneli  as:  welding  higiily 
dissimilar  metals,  .tchieving  quality  welds  in  a Inni  inum  and  ot  her  met  a Is 
usually  difficult  to  weld,  bonding  large  interface  areas,  achieving  weld 
strengths  whicti  e(|u.il  the  sttengtli  of  the  parent  met.il,  and  cladding 
multiple  layers  ol  metal  plate  together  simultaneously.  decause  these 
additional  capabl  1 i i le.s  exist,  new  applications  of  wi-lding  are  possihle. 
This  study  identifies  a representative  sampling  of  new  applications  for 
EIW  In  an  effort  to  Illustrate  its  versatility  and  expanded  capabilities. 


i%'>irk  Ai.-fO!iipl  isliod 

I II  pursuit  of  tin-  objectives  'liicussnl  iii  t bf  ;)i<'i>  iiu,.  ■ ; 'mu  .1 
l.irp.c  numtii'r  of  lii>;lilv  inst  rumeiUeii  wi-hls  wi-ri-  m.ulf  .11  tluci-  siti.: 

I.os  Al.imos  Scientific  Laboratory  (I.ASI,),  Denver  kese.irrii  !n-;tiiii;> 
(DKI).  and  the  I'niled  Slates  Air  Ki'rce  Acaileniy  (USAFA).  Ilie'<  ti'-ts 
were  conducted  over  a three-year  period  and  involved  v.irious  conbina- 
lions  of  aluminum  and  steel,  varying  (ilale  tli  icknesses.  ciilierenl 
weld  configurations,  several  different  explosives  and  exi>losive 
concentrations  and  atmospheres  of  various  ty()es.  While  the  above 
parametirii  were  varied,  measurements  were  made  of  deton.ition  velocitie 
collision  point  velocities,  detonation  pressure  and  imji.ict  pressure. 
The  measurenu'nts  were  made  by  means  of  high  speed  framing  camera, 
flasli  x-ray,  ct'llapsable  velocity  prob  s recorded  by  oscilloscope 
cameras  and  manganin  wire  pressure  gages  also  recordi'd  by  oscillo- 
scope cameras.  The  result  was  a series  of  over  one  hundred  fiftv 
extremely  well  instrumented  tests. 

The  welded  specimens  were  tlien  subjected  to  a wide  variety  I't 
destructive  and  non-destructive  tests  to  determine  tlie  quality  and 
strength  of  the  welds,  so  that  these  characteristics  could  be  compared 
with  the  corresponding  welding  record  tp  obtain  an  understanding  of 
their  possible  correlation.  The  tests  included  weld  tensile  strength, 
weld  shear  strength,  limited  fatigue  and  ultrasonic  testing,,  met.illo- 
graphic  t'xaminalion  and  photomlcroscopv.  Tests  were  correlated  with 
location  within  the  welded  specimen  as  well  as  witli  the  other 
parameters  previously  discussed. 
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1)V  1 imihiTcti  (l')7  il,  .itul  i i'port  luMi-in,  is  hilBi'il  on  .1  siTifS  ot 

jninti’d  c 1 eniiMi  t s , t-.it  Ji  .ictod  upon  hv  the  explosivi-  lo.id.  Thu 

rcsiiltini’  d i t • front  in  ! oquat  Icnis  iro  lompii  I c r i /.fd  and  usod  lu  prt'dict 
tlvor  pliti'  dot  loft  ion.  velocity  .ind  acceleration.  The  flyer  jtlat' 
model  <ieveliiped  by  Merkle  as  a portion  of  this  report  relates  Instan- 
taneou^.  tl'.ft  t'iati  let  t'rr-.at  ion  to  the  mi'tion-timo  history  of  a 
tvpif.al  liver  plate  element,  iisinR  a least  squares  tit  to  evaluate 
tile  parameters  in  the  equations.  Tin  t in.i  1 model,  developed  by 
Ap.babian  Associates,  is  a finiti'  element  study  of  t h<-  tivef  plate, 
base  plate  and  the  ait  space  between  tliem.  The  air  ‘-.p.Tee  fs  modeled 
as  a series  of  elements  with  very  low  stilfness.  The  model  is  pro- 
Rramraed  lor  use  on  .1  larpe  computet  and  used  to  predict  tlie  response 
of  the  flyer  and  base  plates,  including  deformation  stress  and  inter- 
face pressure.  The  computer  program  includes  a plotting  routine, 

.and  plots  of  displacements,  pressiin-s  and  plate  stresses  are  developed. 

Based  on  an  extensive  analysis  of  test  data,  plus  theoretic.il 
considerations,  Wittman  of  PRl  describes  four  bounding  criteria  for 
the  regime  in  which  successful  welds  can  be  accomplished.  He  utilizes 
kinetic  energy  and  heat  transfer  calculations  to  predict  the  upper 
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vi'li>city  limit  for  wolds  .ihovo  wliiiti  moll  of  the  jjl.itos  oc>ui.-  wllti 
rosiiltiii>;  rodoi  tioii  in  w«  Id  stri-nutli  t"i  .1 1 <im iiiiim. 

In  .in  ofti.rt  to  domonst  r.iif  v.irioiis  .ippl  ii  .it  ions  for  wlii<  n l-i'.-. 
is  p.irt  icnlirly  wt'll  snitod,  .1  limlti-d  niimhoi  'H  woLd.s  w.is  jurtoiiid 
pnri'ly  to  illnstr.ito  .1  loncopt.  I'liost-  included  luiiulir  wild;, 
syminetr  ic.il  ly  lo.idod  wolds  and  spot  wolds.  Two  app  1 ion  r ions  woi-- 
invest  ikt.itod  in  more  detail.  Those  were  the  rop.iir  of  homb-d. imaged 
.iliiminum  .airfield  mattiny;  and  the  fabric. ition  of  mult  i- layer*  d amor. 

All  of  the  items  ol  work  mentioned  above  are  reported  in  this 
report.  li  the  work  has  been  previously  publi.shed.  it  is  summar  1 z«.-d 
herein  with  appropriate  reterences.  In  all  otiier  cases,  detailed 
discussion  is  included. 

( . Fund.ameiitals  oj  Explosive  Impulse  Welding  (EIW)  (Eindberp.h,  l‘>/3) 

Explosive  impulse  welding  is  basically  a solid-state  welding 
process.  At  excessive  input  energy  levels,  temperatures  resulting  at 
the  interface  can  be  intense  enougli  to  cause  phase  changes  .ind  areas 
of  fusion  bonding.  However,  assuming  the  energy  levels  experienced 
upon  imp. let  are  optimum  relative  to  produced  bond  strengtiis,  little 
phase  change  occurs  and  the  welding  process  occurs  in  tlie  solid  state. 

As  is  the  c.ise  for  other  solid-state  welding  techniques,  there  is 
no  comprehensive  theory  available  to  explain  the  EIW  phenomenon  on 
.1  quant  i t .It  i ve  b.isis.  .Hilner  and  Rowe  (1462)  have  presented  an 
exi  client  .issicssment  ot  evidence  contributed  by  each  technique  exclu- 
sive of  EIW  tow.irds  an  understanding  of  tlie  mechanism  of  bonding. 

The  accumul.ited  evideme  reflects  many  factors  shown  to  influence 
bond  form.ition.  Tluusi-  are:  the  .amount  and  type  of  deform.it  ion; 


tin-  nift.iWs)  t)iiin*,  liDtidiAl:  l.ittiio  ■>!  r-i'  tuT  <• . r-liliv'c  t:i>it  ion  ,it 
the  Wfltl  ! lit  or  r.u'i- , nii'l.il  piiri'v,  .iirf.jto  pn-p.ii  .i*  ion  . -o  I oh  i I i t , 
ol  iixvni-n  in  ttie  inotal,  tin-  toinpor  it  on- 1 pro-.siir.  . .in.!  tine  ot 
inp,  .niil  IiiKli  st  r.i  i n- r.it  i*  etlocts.  Ui.-.oil  upon  tiiii.  .'iniori  l . 

‘•liiner  .imi  Ki'wi*  presented  .in  energy  li.irriiT  l.ypotlieKls  tliit  i-.  very 
con.sisteiit  with  t tie  re.siilts  ot  previous  invest  i>;. it  ions  of  explosive 
impulse  weldiiift.  R.isleally,  the  livpothesis  (.onsiders  tin  redi.-.tri- 
Inition  of  surface  atoms  to  form  a grain  boundary  .is  tlie  criterion 
of  weld  form.ition.  Witli  an  optimum  red  i st  iib.it  ion , tiie  valetn  e 
electrons  are  shareci  bv  tiie  metal  .is  a whole.  That  i.s.  it  two 
met.illic  surfaces  are  brought  into  stiff  icienty  closi‘  proxiritv,  the 
electrons  will  effectively  belong  to  both  and  a full  interalomi" 
bonding  of  t tie  metals  will  occur.  Ttie  hypottiesis  st.ites  th.it  a 
certain  level  of  applied  energy  is  required  in  order  to  actiieve 
ttiis  ri'd  ist  r i but  ion  and,  consequently,  solid-state  bonding.  If  this 
tiypotliesis  is  modified  to  account  for  ttie  .idJitional  t-ruTgv  nt'ce.ss.u  y 
to  initially  disperse  surface  cont.ininators . it  relates  well  : .i 
explo.sive  impulse  welding, 

Kxplosive  impulse  welding  is  pr.iduced  ttirougti  tin  lOiitrolitd  oblique 
collision  of  two  metal  surfaces.  Ttie  two  most,  common  process  geometries, 
ttie  preset  angle  and  tiie  parallel  plate,  are  sliowii  in  Kig.  1.  As  is 
indicated,  tlie  basic  components  includi'  a liver  plate,  ;in  explosive 
cliarge  used  to  accelerate  tlie  flyer  plate,  a stationary  base  plate 
and  a supporting  anvil.  The  initial  systi'm  configurations  and  simpli- 
fied intermediate  deform.atlon  are  also  shown. 
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a)  PRESET  ANGLE  GEOMETRY 


b)  PARALLEL  GEOMETRY 


Ki^nii  ] , Explosive  Impulse  Welding 
Initial  and  Intermediate 
O’n f i gut  a t i ons 

- (i- 


Ill  risju'iist  ti)  t tu  l>i  'V  iili’d  liv  llit-  di'li'ii-il  inK  ‘V* 

l.ivt  t . till’  t'lV.  I pi. ill-  VfK'iitv  i it  t r, I vr. tin  ’.t  i:  : 

li  i .iiu’i'  ni  1 V ■.i-p.irit  inn  ' iu-  tvn  pi. lies.  rpnn  imi'iit  . >.  , 

uii *.1  vnint ■ t I*  i I'.i  1 ji I'fs sTir i‘  '.t  it»*  i‘i  n*'t'**t.*t  *‘ti  in  tin*  ri-ninn  ti  t'  -■!  I ■ ni 
pnint.  !i  I iin;' 1 1 i !' 1 1‘  vitl;  Wfltlinn»  'I''-  iii'J'.'i  l will  r'.r.it-  ; 
ch.uMc  t t-r  i i'  ■ ‘'tni  i t inns. 

First,  tilt-  LollisJ.in  irt'in’.  vtlotitv.  \ . will  In  snhs.  i.T...  I11..I 

is,  it  will  in-  ■■.iilisf  isn  i ■ rnl.itivi-  tn  tin-  snnif  v«- lo<  i t i f ■,  <il  'lit 
tlynr  nr  b.isi-  ;>l.itt-  in.i  t i-i  i 1 1 . In  'In-  i.ir.illi-l  il.Ut  nnnfi  u; 
tills  r ft]  1 1 i r * ■ s tin-  • - \ • I ns  i Vf  (i  f t nn.i  t i t ‘ii  vt*  1 1'l'  i t y t n i.  t*  1 1- 1 .1 1 i > ! » ■ - 1 , • - 

sfisniic  .ilsn  sin.i-  it  ftpiils  tlu-  collision  point  vcloi  .’  .-.  li.Is  -i 
a const. inL  doloimtion  vi-l-iciiy.  If  tlu-  di-ton.ition  vnloiitv  is  sa]  • r- 
sc-ismi.  . the  i>tcst.-t  .ihkIo  plate  nnonu-try  must  bo  nsod  to  insir.  1 .n-  ■ 

soismii'  follision  poini  volocity.  Tlio  ohlitpio  direction  ot  -.lie  .let.’n.i- 
L ion  rol.ilive  to  Liie  direction  in  wliicli  the  collision  p-’i-it  is  [ii  oii!  ••  f.  inc, 
accounts  for  tiiis  .id  pislment  . A conip.i  r i son  of  r.ilciilated  -.tress 
d i St  r iluit  ions  aIon]>  tin-  intortaces  lor  the  c.-ise.s  ot  .siijiet  - and 
siihse  i smic  collision  velocities  iiinii  I iitlit  s the  essoiUi.il  qua  1 i t .1 1 i vo 
difference  betwi-en  these  two  conditions.  For  tlu-  siiperseismic  collision, 
Liie  d i St  iirb.inct-  is  contined  to  the  region  behind  the  cont.ut  point.  In 
tlie  subseismlc  collisii-ti.  however,  tiie  disturb.ince  moves  atie.ui  ol  the 
CO  1 1 i s ion  ('()  in  t . 

Second,  the  developed  stress  will  be  sufliciently  inten.se  to  pro- 
duce the  plastic  flow  of  plate  met.als  in  the  surface  reRions  behind 
the  advancing  sliock  fronts  and,  as.suminR  the  necessary  subseismlc 
collision  velocity,  .ihead  of  tlie  collision  point. 


-7- 


It  t !n '-I  riiiiil  i t ioi\s  iri-  mit  , I In'  liii'Ji  i n«T>’,y  shiu’kiii  in.i  c <'r  i .1 1 

filiit  hv  |>1  .isl  ii'.i  1 I y flowliiy  tin  iiUrrl.ni-  riy,i>)n  i:iu  :i-)  i ;S  i 1 v 

• ilu'.iJ  ol  till'  iulMsii'tj  point.  Siuh  1 f^ross  liof  orni.il  i on  i'  lornmon 

to  oxplosivo  woljs.  As  .1  |'ri>du.  t ot  tlii.'.  disruption,  ;iirl.O’.- 

ioni.iniii.itor>  .iro  loosonoil  ind  oxi>«  1 K-d  iron  t!io  oolllslon  ropion  in 
.1  spr.iv  ot  niitillii  p.irtiilcs  01  ii;in.it  inp,  in  tlio  collision  r.  c.  ion.  "'■'ins, 
disriiptcil  .itomiciilly  clc.in  mct.il  surl.icos  .iro  Ictt  to  to  bronplit  toj;otlnr 
under  .m  intense  stress  it.iti-  to  within  Int  er.itomlc  dist.ince  . Tin- 
torces  ot  .itoniic  nttr.u'tion  become  etteitlvi'.  lockinp  the  sort  ues  in 
.1  tnet.i  1 1 ic  bond . 

I . Hi’toty.of  Explosive  Impulse  Wcldiil,; 

ixplosivi-  Inipnl'^o  Weldinp  (EIW)  ol'ters  mnnv  adv.int.ipe:.  in  r'lit.il 
ioininp,  .ind  adds  a new  dimension  in  t .ihi  ic.'i  t ion  innov.it  ii)n  poicntiil. 

Iliis  ri  l.itively  new  proce -s  involves  the  bonding  ot  mei.il  el.-nients  .is 
.1  dirict  lesnlt  of  a c.i’'ofii  1 1 v cmitrolled  oblique  h igh-ve  1 oi  1 L v Imp.ic  L 
ot  ttie  elements.  the  most  signific.int  aspict  ot  KIW  is  tl.it  tin  bond 
is  not  I result  of  Insion  or  melting.  Instead,  the  imi>.icl  conditions 
torce  the  common  met.il  surf. ices  close  eiiongli  for  them  to  ,ic>|uiie  .1 
b.il.ince  of  i nt er.it omic  attractive  torces  or  cohesivi-  energy.  There 
.ire  in.iny  .ipp.irent  .idv.in t.iges  to  this  hoiidtng  process.  Koi  ex.imple, 
most  bimet.il  comb  i n. it  ions  can  be  bonded.  High  bond  strengths  ,it 
least  equal  to  the  pcreiil  metal  strength  of  the  we.iker  of  tin  mel.ils 
to  be  joined  can  hi-  consistently  obi.iiiu-d. 

IJiiring  t tie  past  10  ye.irs,  .1  considerabli'  .imouiit  has  been  (niblislu-d 
regarding  the  KIW  phenomenon  ind  its  .ippl  ic.i  L ions . Despiti-  this 
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impress  i VO  oltort,  a siilliciont  qiiaiit  Itativ*-  <ioscr  i pt  ion  anu  ixi'iana- 
t ii'ii  t)t  tiio  honiiin^;  process  iloes  iio(  now  exist.  Itiesc  ait  t^i-a-ntial 
to  tl'e  derivation  of  an  adequate  enRineerlnn  desinn  appieaifi.  ; < i naps 
these  deficiencies  are  due  to  t tie  many  ditlerent  disciplines  involveq 
aiui  the  complexity  ot  their  involvements.  As  a result,  applic.ilion 
developments  are  norm.illy  approached  on  the  h.isis  ol  an  experiaent.il 
p.ir.imet  r ie  invest  i^nt  ion.  Sucti  .in  approach  is  ex(tc-nsive  in  terras  ol 
time  as  well  .is  money,  and  cannot  feasibly  lead  to  an  adeqii.ite  undi  r- 
standiiiK  ol  the  phenomenon. 

The  Air  Force  ha.,  already  tested  EIW  for  possible  use  in  mectini; 
operation.il  requirements.  In  September  1971,  .in  \>!J  airfield  beml. 

d.imaj'e  repair  metliod  usin^  EIW  was  successfully  demoiisl  r.it  ed  (Ai'WL-TK- 
70-160).  This  application  [iroved  its  compatibility  with  austere  fiild 
conditions  and  semi-skilled  teclin  ic  i.rns . .yore  import.intly.  it  su(<Besic*d 
numerous  possible  .are. is  of  application  such  .is  equipment  lepaii,  pipi-- 
line  f.abr  ii'.it  ion,  building  erection  and  fuel  storage  tank  1 .ibr  icit  ion  . 
Ajrcr.ift  f.ibr  ic.il  ion  is  still  anotlior  potential  beneficiary. 

Tbe  development  of  explosive  impulse  welding  as  a commerc  i.il  ly 
applicable  metal  joining  technique  is  a relatively  recent  event.  The 
only  widely  known  commercial  applicatiofi  is  tiie  production  ot  explo- 
sively clad  plate  which  was  not  initiated  until  1964  (Sti'iie,  196''>). 
Knowledge  of  the  basic  process — the  development  of  metallurgical  Ininds 
during  imp.ict  — however,  can  be  traced  back  to  considerably  i-arlii-i 
times,  having  been  reported  as  an  interesting  sidelight  in  studies  of 
armor  and  armor-piercing  projectiles,  as  an  unwanted  side  effect  of  explo- 
sive forming  and,  more  recently,  as  an  adjunct  to  hypervelocity  impact 
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oxi'tT  imi-nt ''  (Rolsti-n,  19<S7).  Little  evidence  of  attempts  to  iinderstaiid 
tile  processi'r  to  harness  it  appeared  hetore  the  late  105()'s  and  i-arlv 
R’hen  theoretical  i nvest  i Ra  t ion  s of  explosive  impulse  weldinp 
Wife  final  Iv  undertaken,  attention  was  focused  on  two  associ.ited 
phenomena — (1)  jettiiiR  and  (2)  surface  wave  formation. 

Karlv  studies  ol  iettinp,  were  undertaken  to  support  tiie  devtlopment 
(>1  sitaped  cliarpe  armor-pierc  iiiR  weapons  such  as  the  bazooka  sliown  in 
KiRure  2.  .\n  earlv  report  of  the  theory  of  jet  formation  with  conical 

and  wedp,e-sii.iped  liners  is  Riven  by  Birkiioff  (1946).  if  one  considers 
till  ste.idy  coll.ipse  ot  the  wedRe-sh.'ipeil  liner  shown  in  KiRure  i.  .in 
observi'r  moviiiR  with  the  collision  point  0 would  see  material  flowiiiR 
p.ist  .IS  indicated  in  KiRiiri-  4.  Since,  in  the  hydr od vn.'im i c model  the 
lotees  artinR  ..in  enlv  .letl.-ct  the  stre.ini,  the  velocities,  V^,,  . and 

V|  are  t.pi.il  ( Dnser  v 1 1 i on  ot  mass  and  ot  momentum  requite  th.it 

m ni . - m 

t 

m - m . - m c o .s  ? 

s 1 

so  that 

m . * ( I -cos  ) 

'"s  2 ^ -cos  p) 

The  incompressible  hydrod  yn.imic  model  thus  predicts  jet  format  ioti  in 
symmetric  imp.icts  for  all  wedRe  .anRles.  The  ba.sic  assumption  th;it  the 
litter  m.iteri.il  c.in  be  adecpiateiy  described  as  an  incompressible  tluid 
requires  th.iL  the  pl.ate  velocity  exceed  a valite  which  produce.s  impttct 
pressures  cons  ider.ably  tibove  the  shetir  stretiRth  of  the  liner  m.ilcrial 
atul  precludes  the  consideration  of  shock  waves  (collision  poitit  veloci- 
tie.s  must  not  be  Rreater  than  the  sonic  velocity  of  tlie  plate  material). 
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Figure  4.  Formation  of  jet  slug  by  a cone  or  wedge-sliapeH  linear 

shov«m  in  Figure  2 f rora  the  point  of  view  of  an  observer 
stationed  at  tlie  moving  Junction  0. 


W.il.sli,  Shri'tfier,  .ii>d  Willins  troalfd  higli  velucltv  co  1 I is  ions  as 
pro!)  loms  in  compress  ii>  lo  hydrodynamics,  allowing  the  consldi't  at  ion  of 
shock  waves.  A theoretical  velocity-dependent  wedge  angle-  w'nich 
separated  conditions  for  jetting  and  jetless  collisions  was  predicted 
and  experimental  confirmation  of  the  theory  was  obtained.  fiit.-  tlieory 
is  .ipplicahle  ('n  I y to  high  velocity  irapact.s  wliere  the  collision  point 
velocity  exceeds  the  sonic  velocity  in  the  plates,  i.e.,  velocities 
above  tiiosi-  considered  by  Rolsten  ( 1967).  Again,  onl-,-  steady  flows 
were  considered;  bond  development  was  not  of  interest,  .ind  no  attempt 
was  made  to  relate  jet  formation  and  bonding  phenomena. 

The  occurrence  of  wavelike  deformations  on  the  surface  ot  proje(- 
tiles  shot  obliquely  at  thin  metal  targets  (See  Kigiire  5)  was  first 
reported  by  Allen,  Mapes,  and  Wilson  (Allen,  19S4) . Abrahamson  (1961) 
l>ropos<.'d  a mech.inism  of  wave  If'rmation  based  on  a rather  vague  hydro- 
dytiamic  i ns  tal)  i 1 i t y . Starting  1 rom  the  theory  describing  jetting  and 
ji-tK-s-;  collisions  by  Birkhoff  (1948)  and  Walsh  and  an  examination  of 
the  surface  deformation  caused  by  a moving  load,  Abrahamson  used 
heuristic  .irguments  to  describe  tlie  wave-producing  process  for  the 
asymmetric  collision  shown  in  Figure  6.  The  basic  theory  riujuires  an 
incoming  stream  of  material,  a deformable  translating  target,  and 
in.stabi 1 i t ies  (fluctuations)  in  the  stream.  Experimental  verification 
that  surface  waves  could  be  developed  was  obtained  by  subjecting  beds 
of  grease  or  silicone  putty  to  jets  of  air  or  water.  Evidence  from  the 
bullet  and  other  impact  experiments  reported  by  Allen  (1954)  indicated 
that  wave  formation  and  jetting  are  associated  phenomena  occurring 
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iiiuli'r  t'l  t oct  ivoly  Llie  same  coiici  i t Ions . AlLlunij^h  "explosive  wcldliif'"  is 


nii'ni  ioni'il  ami  comiitions  for  obtaining  good  lionds  .jro  dits'-r  ibod  in 
g.fnoral  t.frn;.s,  no  corrolaLion  iu’tween  bond  formation  and  jetting  or 
wave  formation  was  proposed.  A study  t>y  Cowan  and  Holtzman  combined 
the  wi'rk  of  Rirkboff  (1948)  and  Walsli,  correcting  some  errors  in  Lite 
description  of  asvmmetric  collision,  witli  the  work  of  Abralianison  (1961) 
and  examined  experimental  evidence  from  explosively  welded  specimens 
to  determine  conditions  necessary  for  bonding.  It  was  deterraineti  that 
jetting  was  a necessary  part  of  the  welding  process  and  tliat  three 
basic  types  of  bonds  occurred:  (1)  a direct  bond  exhibiting  a smi'oth 
interface.  (2)  a fusion  bond  exhibiting  a uniform  layer  of  solidified 
melt,  and  (1)  an  alternating  bond  showing  surface  waviness  and  alter- 
nating regions  of  direct  bond  and  solidified  melt.  Heuristic  arguments 
were  proposed  to  account  for  viscosity,  elasticity  and  plasticity  oi 
the  metals,  and  an  oblique  reference  was  maiie  to  t!ie  Karm.an  vortex 
street  as  the  wave-forming  mechanism. 

A later  study  bv  Hunt  (1968)  extended  the  hydrodynamic  models  of 
Kolsten  (1968)  and  Birkhoff  (1948)  and  treated  t lie  development  of  waves 
at  the  interface  as  a manifestat ion  of  Helmiioltz  instability  at  a rluid 
interface.  The  wavelength  ot  the  resulting  waves  should  ne  propor- 
tional to  the  flyer  plate  thickness  but  independent  of  the  plate 
velocity.  No  experimental  verification  was  obtained.  Hunt's  investi- 
g.ition  dealt  specifically  with  deformation  of  tlic  interface  between 
explosively  welded  metal  plates,  but  empliasis  was  placed  on  explaining 
wave  formation,  not  bond  development. 
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rill'  w.ivo  t’orra.ilion  piDcuss  hyp<U  lifs  i -;i'd  by  Balir.'iii,  Bhuk,  iiui 
Cri’ss  1 .iiu!  fB.ilir.ini,  Idb/  .itid  {'ri'::,-.  1 and . l'K)7)  .ipiM'.irs  lo  bi-  tin.'  nui;t 
‘;.U  i slac  rorv  model  proporu'd  lo  date.  Sliown  schema  I i ca  1 I v in  Fi/,nri. 
it  accounts  lor  llu'  experimentally  observi'd  ileposition  of  flyer  plaii- 
siiriace  mati-rial  beliind  the  wave  crest  and  parent  plate  surface  matin  ial 
.ibead  ot  'be  crest.  However,  it  must  be  pointed  out  that  wliat  b.is  tieen 
proposed  is  <in  interpretation  of  post-test  evidence.  Allliougli  the 
evidence  is  tfie  result  of  a very  ihorounlt  and  carefully  executi'd  pro- 
pram  ot  exi)eriments.  there  has  been  tie  parallel  development  ol  theoi'.’tical 
evidence  to  support  the  hynotliesis  or  to  relate  the  process  Lo  the  physical 
properties  ot  the  plates  and  the  collision. 

Keller  (IdbH)  has  also  examined  the  problem  associated  with  tlie 
development  of  waives  at  the  inti’rface  and  has  proposed  that  the  chan>;e 
in  the  character  of  w.ives  alony,  the  interface  represents  a change  in 
tile  flow  cond i t ions-- 1 am i nar  flow  occurring  at  the  Initiation  end  ot  the 
weld,  .1  transition  region  with  regular  vortices  in  the  intermediate 
region,  and  a turbulent  flow  region. 

Although  the  theoretical  investigations  have  provided  only  a 
descriptive  picture  of  jetting  and  surface  rippling  as  phenomena 
associated  with  bond  development  in  explosive  impulse  welding,  still  i- 
cient  experimental  data  have  been  amassed  to  establish  empirical  rules 
satisfactory  for  some  commercial  applications,  including  the  prepar.u  ion 
of  sandwich  coinage  stock  and  clad  plate.  For  a particular  explosive, 
the  empirical  rule  describing  conditions  for  welding  may  he  ol  the 
form  shown  in  Figure  8.  This  particular  one  is  common  In  that  it  is 
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on  of  Waves  (After  Bahriii 


XPLOSIVE  LOAD  I 


iiUeniieii  Lo  yii-*ltl  only  a roiii;ti  approx  i.mat  ion  of  explosive  loiil  require- 
ments f('r  welding’. 

Tile  same  body  of  data  has  also  provided  evidenie  tiiat.  in  some 
cases,  even  when  surface  waves  wer*  developeil,  tlie  pl.ite.s  could  he 
easily  separated  to  allow  examination  of  the  interface  (Derihas,  Ihf)'/). 
Similar  observations  h.ive  been  made  during  this  research  with  indica- 
tions that  such  cases  indicate  eitiier  a good  but  brittle  weld  fractured 
by  elastic  recovery  activity  or  the  existence  of  conditions  at  tiie 
upper  transition  from  weld  to  no-wcld.  Otto  (19h4)  reports  Instances 
of  weldinn  without  jet  formation  which  tend  to  discredit  tt'e  hydro- 
dynamic  descriptions.  He  proposes  a shear  mechanism  as  the  cause  of 
interface  waves.  His  proposal  fails,  however,  to  account  for  all 

aspects  of  the  observed  deformation  patterns.  Attempts  by  Crossland 

anil  Bahrain  (19h7)  to  reproduce  Otto's  results,  however,  were  unsuccessful. 
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11.  KXi'I'RIMKNT.M,  I'ROCHA.M 


A.  Tc.'^t.s  jit  jKTiver  li_  Institute 

Tlie  p-iraifet  r ic  invest  iRat  iou  hepan  with  the  explo.sic'a  weldinj;  of 
aiuminun  usinR  tiie  parallel  standoff  conf  iRura  t ion.  The  explo.sive 
chosen  for  that  investigation  was  a 40%  extra  nitroglycer ine  dynimite 
manufactured  by  <iu  Pont.  Tlie  explo.sive  has  a medium  detonation  velocity 
f .ipprf)x  ima  t e 1 y .i,U)0  m.f.sec),  i.s  ine.xpensive,  readily  av.i  i l.ifi  1 e , and 
had  ht'en  .successf u 1 ly  u.sed  for  other  explosion  welding  applications  at 
the  I'niversity  ot  Denver.  See  Appendix  D for  a discussion  of  explosive 
characteristics.  The  aluminum  parallel  geometry  parametric  welding 
study  was  completed  in  September  1060  using  the  40Z  extra  dyr.amite. 

A summary  o!  the  parallel  plate  aluminum  tests  conducted  i .i  snown  in 
Tables  2 and  5.  Note  that  a precise  tabulation  of  earlier  shot  I'-sult.; 
(Table  2)  is  not  available. 

As  shown  in  Table  2,  three  tri.ils  were  made  for  e.ach  combination 
of  welding  of  parameters,  and,  in  most  instances,  the  three  iri.il.s 
were  performed  simultaneously. 

Except  tor  the  1/2-  and  i/8-inch  thick  specimens  which  were  5x12 
inch,  .ill  plate  coupons  were  5 in  x 6 in.  The  plate  coupons  were 
sheared  from  6061-T6  aluminum  alloy. 

No  surafee  preparation  was  used  prior  to  explosion  welding.  The 
plates  were  used  as  sheared;  the  surface  often  contained  scratches, 
mill  identification  marks,  and  dust. 
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Summary  of  l.ater  Tests  at  DUI 
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All  tests  were  parallel  plate,  hOfil-TTi  aliunituun, 
lO'o  Red  Cross  iixtra  Dynamite 


Slunmary  of  Later  Tests  at  PR  I 
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Criiniilar  4(V  oxtr.i  tin  I’oiiL  liyii.iiri  If  w.is  packotl  into  i posltriiuard 
htix  lo  tin.'  ilfsiit'l  1 tii'.d  i up. . lin.  lom-ct  aindunl  of  fxi^los  ivc  wa  ; pfi - 
woiplifd  and  used  to  till  ;i  box  bavinp  a spocific  voliiiiif . Llm:-.  dovclc*;' inp 
Lho  fotju  i Vftl  inadinp  (in  prams/in^)  at  llio  correct  packing  tieiisitv.  /. 
du  Pont  Dfl  i.shcct  explosive  line  w.ive  generator  was  attailied  1 1)  the 
end  1)1  tile  box  and  used  to  initiate  t lie  tlynariite  ciiarge. 

i’iece.s  ol  balsa  ol  proper  tliickiiesses  were  placed  at  tile 
corners  ot  tlie  alnminnm  plates  to  maintain  tiie  desired  standoti.  iiie 
open  edges  ol  tile  plates  were  taped  shut  to  keep  out  debris  and  to 
tielp  prevent  t tie  explosive  detonation  products  from  eiiterin.t’  the 
standot f region  betore  plate  collision. 

Tlio  aluminum  plates  and  explosive  box  were  placed  on  a 1-incti 
ttiick  steel  anvil  wtilcli  in  turn  was  resting  on  a thick  slab  of  ci'ncrete. 
ilie  geni-ra!  coni  igurai  Lon  of  components  for  tiie  parallel  standoff 
aluminum  wi  lding  experiments  is  shown  in  Kigure 

Tiie  ultimate  slieai  and  tensile  weld  strength  evaluation  tests  were 
conducted  as  described  in  a later  section  on  weld  testing.  l!ltimaie 
shear  strengtlis  are  shown  in  Table  4,  and  the  ultimute  tensile  strength 
values  in  Table  5. 

Tile  schedule  of  preset  angle  aluminum  welds  performed  is  listed 
in  Table  b.  Both  the  number  of  welding  trials  and  the  number  oi  welds 
(without  regard  to  extent  or  quality)  obtained  for  each  combination  of 
parameters  are  indicated. 

Aluminum  alloy  6()b]-T6  plate  stock  was  sheared  to  size  for  the 
weldfng  experiments.  All  plate  coupons  were  5 inches  wide.  The  1 / 8- , 
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Component  Coni  i jp : r 1 1 i on  fvir  Pcn.ill.'l  '-oi'me 


3/lf)-.  and  l/4-incli  lliick  plaLi's  witc  9 inclioK  lonn.  while  tlii'  l/R- 
aiui  I/2-incli  plates  were  12  inches  ioriK-  The  fiver  and  hast'  plate.s 
Were  the  same  tliickness  in  all  cases. 

Snfface  [>reparat  ion  for  the  e.xplo.sive  impulse  wt'lJint;  consisted 
onlv  of  degreasint’  the  sheared  aluminum  plates  using  an  alkaline  cleaner 
followed  by  a watOi'  rinse  and  air  blast  dry.  Surface  scratches  and 
printed  mill  itlen  t i f i ca  t i on  were  not  removed  prior  to  welding. 

Die  aluminum  base  plate  of  the  explosion  welding  assembly  was 
su|)porLed  by  a 1-inrh  thick  steel  anvil  plate.  The  steel  anvil  was 
supported  by  a thick  slab  of  concrete  at  ground  level. 

The  IRKCil  4(K)()  m/sec  explosive  was  used  exclusively  for  the  preset 
angle  aluminum  parametric  welding.  The  explosive  was  slice<l  to  proper 
thickness  using  tlie  modified  meat  saw  device  described  in  Appeiitlix  D. 

It  is  believed  tliat  explosive  thickness  was  controlled  within 
-1/12  + 1/lf)  inch.  In  most  cases  the  thickness  of  explosive  was 
slightly  greater  than  the  specified  thickness. 

Balsa  supports  were  used  to  maintain  the  proper  angular 
separation,  while  fabric  tape  was  used  to  hinge  tlie  apex  of  tlie 
angle  and  enclose  tlie  sides  of  the  angular  standoff,  i'iie  general 
configuration  of  components  for  Che  aluminum  preset  angle  welding 
experiments  is  shown  In  Figure  10. 

Strengtii  tests  were  conducted  as  described  in  the  seccion  ol  this 
report  dealing  with  weld  testing.  Tlie  results  are  shown  in  Table  7. 
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B.  Tests  Conducted  LosJ^amos  Scienlit’Lc  l.aBoi'at ory  (LASl,; 

1 . At  mospliei  ic  Tests 

Thirty  fiver  ptate  experiments  were  conducted  at  tlie  racilities 
of  the  C.MX-h  Division  of  the  hos  Alamos  Scientific  I.ahoratory . Thi- 
test  facility  i-onsistiul  of  a biiried  concrete  control  room  witii  tiie 
tiriiiR  table  located  overhead  on  the  (tround  svirface.  The  control 
roi)m  lii'used  the-  flash  X-ray  equipment  exc.  lusive  of  the  remote  tube 
head,  the  framiiiR  camera,  associated  electronic  and  rnkshanical  equip- 
mi'iif  , the  time  delay  triRRor  rciii  rator  for  sequenc:inR  the  multiple 
det<;n.it  ic  ns  of  each  event,  and  puisiiiR  circuitry  tor  detonaiinp,  the 
cliarROS.  Tile  firiiiR  table  cc^nsisted  of  a steel  prate  4'  x ' x b". 

A line  of  siRlit  between  the  framinR  camera  and  specimen  was  estab  1 i slieii 
usitiR  a periscope  a»'ranRcment . The  periscope  consisti'd  ot  an  expend- 
able tilt  mirror  positioned  at  the  upper  end  ot  a vertical  lube  wiiich 
penetrated  tlio  bunker's  roof  and  overburden.  All  explosive  detonations 
were  e 1 ec  t rc'n  ica  1 1 y initiated. 

Th«‘  event  was  recorded  using  a I.ASl.  fabricated  framinR  camera 
sequenced  in  operation  with  a 600  KV  flash  X-ray  system  manul actured 
hy  t tie  field  F.mission  Corporation. 

The  framinR  camera  used  25  separate  optical  trains  to  provide 
an  equal  number  of  frames  per  strip  of  film.  The  camera  consisted 
essentially  of  an  oblective  and  a field  lens,  a Ras  driven  turbine 
mirror  and  the  25  optical  trains  mentioned  above.  The  revolvinR 
mirror,  on  which  the  object  was  imaged,  reflected  the  1 iRlit  in  turn  to 
the  optics  for  each  individual  frame.  The  time  interval  between 
each  frame  was  determined  by  the  rotational  speed  of  tlie  camera  turbine. 


A t inn-  i t)  t iT  v.i  1 I't  .*  tni  rrosi-cmiiis  I'l-i  I r.imc  w,is  usfd  in  liii..  ..Indy. 

T'.if  ( amcr.i  wa‘>  lapahli  ol  linio  intfivals  as  I nw  as  I ti  i < i nsi’ci'nd  . 

Ot  t iiosi-  nii’tliods  rcvifwcd,  t iw  fivimiri)’  i ameia  ■•.vfmi.'d  most  aijpro- 
priato  for  tlu'  pri>i)i.>s<*d  study.  Kach  oxpor  iiiion L violdt-d  a tramiiiK 
camora  record  and  a welded  specimen.  I'lie  framing  camera  recorde<i  t lie 
I'xplosive  detonation  and  l lie  flyer  plate  de  f rma  t it'n  respon.scs  as 
tliey  progressed  witli  time.  By  superimposing  tlie  images  of  all 
frames,  a iiistorictil  record  of  flyer  plate  dynamic  defotmaiion  ami 
explosive  detonation  was  obtained.  ill  is  allowed  measured  weld 
sirengtlis  to  be  positively  related  to  dyn.imic  parameters  sucli  as 
collision  (Joint  velocity,  impact  velocity  and  flyer  plate  veliuity. 
Several  earlier  observations  liad  empliasized  tlie  importanc-e  of  siuli 
complete  event  coverage.  First,  tlie  uniformity  of  t iie  liynamite  I'xplo- 
sive  to  be  used  w.is  higlily  cpies  L ion.ali  le . TIuis,  only  a comiilete  record 
of  the  deformation  time  lustory  could  insure  representative  measure- 
ments. Second,  boundary  effects  were  of  interest.  Using  the  (larailel 
welding  geometry,  defective  or  no  bonding  was  tilways  experienced 
wiltiin  tlie  first  I I'w  indies  of  interface  length.  fliis  w;is  tliougiil  to 
be  caused  by  a lack  of  confinement  of  tlu-  explosive's  (Jerimeter.  Iliird. 
it  was  desirt-d  to  record  tlie  jetting  activity  occurring  within  the  inter- 
face region.  The  usual  radiograph  resolution  does  not  provide  such 
t‘V  ideiice . 

A single  bOO  KV  t lasli  X-ray  system  was  also  available.  This 
unit  provided  an  X-ray  (iiilse  of  18  nanosecond  duration  and  was  fired 
by  a signal  from  a time  dr-layed  trigger  generator.  The  system  was 
equipped  with  a remote  tube  head.  The  radiographs  were  formed  on  liigli- 
speed  X-ray  film.  I'fie  resolution  was  im|>roved  througli  the  use  of 


-AO- 


c.ili'iiim  t e i n t i I y i ng  stn-ens.  Thi'  f i Im/scrtcii  lamaiCf  • ii 

inscrtici  ia  ,i  i-arilhoard  mivol  "I’e  ami  placoj  within  an  iliinii''.m 
lu'Iilcr  f I’r  pro  t cc  t i f)ii  from  hho.t  liamaRi*. 

A total  of  12  iliflL-ront  parallel  platn  woldinp,  (.••.■‘■nts  wiio 
Sc  1 or  t <■(!  lor  the  fiver  [tlatc  study.  These  included  two  plat"  ihii'k- 
ness,  1/4  and  1/2  inch.  The  base  and  flyer  plates  were  o1  equal 
thickness  in  each  .’vent . Thiee  standoff  distances  and  two  explosive 
loatl  li'vels  were  used  with  each  plate  thickness.  Tiiese  are  indicatiii 
in  the  specimen  schedule  Kiven  in  Table  8. 


Table  H 

Specimen  Schedule  tor  LAST  Tests 

T'tie  exph’sive  quantities  an*  specif  imi  in  terms  ot  the  ratio.  M/l, 
This  factor  is  tiie  mass  of  the  fiver  plate  per  unit  ire.i  diviiled 
by  the  mass  of  explosive  a.ssociated  with  tb.ii  unit  .surf  i e aite). 
The  mass  density  of  the  explosive  used  is  1.21  vtrams/cc.  hu  font 


40%  Red  Cross  Kxtra  Dvnamite  from  the  same  batch  as  the  OKI  tests 
was  used  to  permit  close  control  and  comparison  of  results. 


!ho  »‘xp«'r  iiTifiit  J 1 tocliniqui.'  t'volvfci  tliriniKli  llii'  i nvos  t i )’,.i  L i on 


ot  .sovir.il  j'o.s;;iMo  .iltornatf  approarlus . These  vuioci  primarily  in 
the  environment  in  which  welding  was  achieved.  .Sfiec  i f i (vi  1 J y , the  lir.sL 
attempts  ti>  resolve  an  experimental  technique  involved  welding  . aider 
lu'rmal  .itmospheric  conditions.  I'lie  Lecliniqne  development  pliase 
pri'gressed  tliroiigh  cons i di  rat  ions  of  inert  and  vacmim  interface 
envi roiinents  respec t ive  1 v , until  the  adopted  technique  was  resolved. 
Basically,  tiu-  atmosplieric  welding  teclinique  complemented  with  select 
r.id  iogr.iph  ic  coverage  proved  to  be  satisfactory.  These  candid.ites  and 
the  selected  experimental  techniques  will  be  discussed  in  the  following 
p.i  ragraphs . 

The  first  .attempt  to  resolve  an  experimental  welding  technique 
involved  the  arrangement  illustrated  in  Figure  11.  As  t iie  plan  view 
and  section  show,  the  entire  welding  event  occurred  under  standard 
a t mospher  i i-  cond  i t ions  . 

The  specimen  assembly  consisted  of  the  flyer  and  base  plates, 
detonation  g<is  sbielil,  explosive  loading  and  calibration  side  panel. 

The  final  assembly  i.s  illustrated  in  Figure  12. 

Flyer  and  base  plates  were  siieared  from  commercial  b061-Th 
.iluminum  plate  stock.  Both  the  1/4  and  1/2  inch  specimens  were  6 inches 
wide  and  12  inches  long.  Prior  to  welding  each  plate  was  degreased 
using  a commerci.il  solvent. 

The  experiments  were  conducted  using  the  40%  Red  Cross  extra  gr.inular 
dynamite  manut  .re  tured  by  Du  Pont.  It  is  of  a nitroglycerine-seiisii  ized, 

ammonium  nitrate  based  composition.  The  explosive  charge  was  prepared 


» 
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by  iTianiially  loading  the  granular  dynamite  into  a cardboard  box  with 
lateral  dimensions  of  n and  12  inches  to  conform  to  tlie  adjacent 
surface  area  of  the  t'lyer  plate.  Loss  of  nitroglycerine  to  the 
absoi'ptive  cardboard  was  minimized  by  thinly  coating  tlie  inner 
surf.ices  of  the  box  with  enamel  paint.  The  height  of  the  box  was 
dict.ated  by  the  volume  of  explosive  to  ho  accommodated.  As  it  was 
dejiosited,  the  explosive  was  spread  and  lightly  tamped  with  a wood 
stick  in  a manner  to  promote  a uniform  packing  density.  ITie 
preparation  of  the  charge  was  completed  by  attaching  a linewave  gen- 
erating sheet  exjilosive  (Dupont  LL506C  Detasheet J to  one  end  of 
the  e\plosi\e  charge.  Tlie  resulting  explosive  arrangement  is  shown 
111  figure  l.S.  I’rior  to  its  use,  the  line  wave  generator  was  inclined 
so  it  initiated  the  dynamite  charge's  end  surface  from  top  to  bottom, 
file  line  wave  generator  transitions  the  curved  detonation  pattern 
jirodiiced  at  its  apex  by  the  initiator  to  the  linear  configuration 
desiretl  for  the  dynamite.  Hie  explosive  quantities  used  for  each 
event  have  been  j'reviously  specified  in  Table  8. 

Itu'  flyer  plate  w.is  recessed  in  a 1/4  inch  plywood  detonation 
gas  shield  as  ligure  12  illustrates.  The  jilates  were  flush  mounted 
relati\e  to  the  bottom  surface  of  the  shield.  Although  careful 
f.ibrication  provided  a fairly  close  fit,  modeling  clay  was  carefully 
packi'd  into  tlie  Kjiace  between  the  shield  and  flyer  (ilate.  l.arlier 
trial  experiments  had  proved  these  measures  were  necessary  to 
|)revent  detonation  gases  from  obstructing  the  view  of  the  standoff 
region.  The  calibration  strip  was  formed  by  painting  vertical  lines 
.It  1/2  incli  intervals  along  the  length  of  a ])lexiglass  sheet.  It 
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vv.is  In  position  .ilong  the  oiitor  of  the  ^as  shield. 

larli'M-  attempts  to  fix  the  strip  i mmed  i .it  e 1 y adjaetnl  to  tlie  plate 
edy,e.'  i*ere  unsuccessful  as  the  j)lexij;lass  hecainc  t t ans  1 ucc  nt  as  i t 
exjU' r 1 eticed  shock  pressures. 

ISack  1 i gh  t 1 n>;  [irovidei,!  by  an  exji  1 os.  i ve  1 y-dr  i ven  , a r,i;on- f 1 1 1 ed 
flasli  box  was  used  to  illuminate  the  profile  of  the  welding  sjieeimen 
for  photographic  puriHiSes.  figure  1-1  illustrates  the  design.  ;\)  go:i 
gas  liecoines  itigiiiy  luniinuus  under  shock  conditions  such  as  tliose 
produceii  b.  explosive.  Tlie  box  was  11  x -IS  x 0 inches  in 
dimensions  and  constructed  of  1/4  inch  plywood.  1 x inch 
stiip  of  sheet  exiilo.  i ve  fbiiiiont  Detashect  ) was  placed  on  tiic  inner 
liottom  surface  of  the  box  along  its  centerline.  Its  length  was 
calculati.'d  considering  its  detonation  velocity  .and  the  time  duration 
of  the  |ihot  ogi'iiph  i c '.equcnce.  While  one  etui  of  tlie  flash  box  wais 
covered  with  [ilywood.  the  other  end  was  covered  with  two  layer.s  of 
commercial  li  1 ue  tracing  linen,  'i'he  linen  jillowed  the  ligliting 
intensity  to  bo  siiit.dily  adjusted.  During  its  use,  the  tiox  was 
kept  flooded  with  argon  gas. 

file  explosively  loaded  specimen  assemfily  was  centered  on 
the  .steel  plate  firing  table  as  shown  in  Figure  11.  Tlie  entire 
as.seiiih  ly  w;is  carefully  aligned  relative  to  the  line  of  sight 
established  liy  the  1 rairing  camera  mirror.  This  recpiired 
the  length  of  the  aluiiiinum  plates  to  bo  perpend  i cul  :i  r to  the  line 
of  sight.  In  addition,  the  assembly  liad  to  be  elevatcil  and  leveled 
so  that  rill  line  of  sight  would  bisect  the  standoff  legion  running 
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p.iralU'l  to  t iu'  pi. no  Surface.  Ail  j ust  nu.Mil  s in  the  elevation  and 
inclin.ition  of  the  tilt  mirror  were  useful  in  achievini'  propel' 
alignment.  Otherwise,  tiie  recorded  flyer  plate  profile  would  lie 
distorted  and  nun- represent  at i ve . following  the  alignment,  the  argon 
flash  ho.x  was  positioned.  As  the  t'inal  act  of  iirepa  rat  i on  , 
initiators  wire  jiositioned  to  initiate  the  linewavt  generator  of  the 
specimen  assemhly  and  the  strip  of  sheet  e.'cplosivo  within  the  flash 
hox.  \ third  dot  on.it  or  was  used  to  ilestroy  the  tilt  mirror  <it  t tie 
appropi  Kill'  time  to  prevent  double  exposure  of  the  framing  i-amera ' 
s 1 1 i p 1 i 1 m . 

In  conduct  ing  the  event,  flooding  of  the  flash  box  with  .irgon  g.as 
was  the  lirst  step.  As  the  proper  velocity  of  the  rotating 
mirror  within  the  traming  c.imera  w.is  achieved,  the  pulser  unit  was 
m.inually  t'i  red , detonating  the  speeimeii  and  flash  ho.x  initiators 
and  .11  tiv.it  ing  tin-  time  delay  generator  to  sequene  i a 1 I v open  the 
t'r.iming  e.imera  leu's  shutters  and  destroy  the  tilt  mirror.  The 
del.iy  times  were  JO  and  IJO  microseconds  respect  i vely . 

rhri-e  technique  resolution  experiments  were  conducted  using  a 
eommun  specimen  assembly  design.  In  all  cases,  a 10  grams/in.“ 
explosive  loading  w.is  ap['lied  to  a 1/2  inch  thick  flyer  plate  of 
Ii0()  1 -T(i  aluminum.  Hie  first  experiment,  l.A.SL  1J()H,  failed  due  to  a 
visual  obstruct  ion  of  the  interface  region.  fhere  were  two  causes, 
lifst,  the  plexiglass  ealiliration  strip,  located  immediately 
adiaeeiit  to  the  flyer  plate,  was  shocked  and,  consi  quent  1 y , hec.ime 
opaque.  Secondly,  the  close  fit  between  t lie  flyer  plate  and  gas 
shield  proved  to  he  in.idequate  as  detonation  gases  rapidly  mined 


-48- 


into  rlu'  interface  region.  As  a consequence,  experiments  I.ASL 

and  1J70  were  conducted  witli  tlie  calibration  strip  along  the 
outer  edge  of  the  gas  shield  and  various  means  of  sealing  the 
juiKture  lietween  the  flyer  plate  and  gas  shield.  b.A.SL  1269 
continued  to  use  a plywood  gas  shield,  sealed  with  modeling  clay. 
LASI,  1270  used  an  aluminum  plate  gas  shield,  sealed  with  a 
commercial  e.xpoxy  sealing  compound. 

Hotli  experi  ment  s success  fu  1 ly  avoitled  the  obstruction  prolilems 
mentioned  above.  However,  another  jiroblem  became  evident;  viz.  lumi 
nosiiy  generated  within  the  interface  region.  Figure  15  shows  sever 
early  frames  taken  from  the  l.ASl.  1270  framing  camera  record.  'Hicy 
reveal  ,i  luminous  cloud  originating  within  tlie  collision  region 
upon  initi.il  im[)act.  I'h  i s luminosity  is  due  to  freed  surface 
[larticles  ‘uicountering  air  resistance  as  they  were  ejected  at  a 
high  velocity  from  the  collision  region.  The  resulting  friction 
gem  rated  intense  light  as  well  as  a quantity  of  heat.  Subsequent 
researeli  has  indicated  this  heat  is  insignificant  under  optimum 
eoiidi  t ion.s . As  the  process  continues,  the  luminosity  steadily  grows 
in  sice  obscuring  more  of  the  interface  region. 

Hespite  tliis  problem,  the  film  records  were  most  revealing, 
hirst,  a significant  part  of  the  flyer  plate  segment  in  motion  is 
evident.  Secondly,  tlie  detonation  fronts  did  not  progress  hy 
equal  amounts  each  frame.  Thus,  detonation  velocities  were  not 
constant.  Ihird,  during  the  first  several  time  intervals,  the 
flyer  plate  Segment  in  motion  had  considerable  curvature  in  the 
direction  of  detonation.  This  results  from  the  explosive  in 


Leal  Framing  Camera  Record:  Atmosp, 


Figure  15.  ( Cent  ' d ) Typical  Framing  Camera  Record:  Atmosp.herlc  Conditions 


Lhi'  Inniiularv  ii'uiun  luU  hciim  us  conl  iiusf  .is  th.U  hi  (.In-  iiiri.  r 
areas.  T!ie  eurvaturo  indicates  tiiat  the  i mji.i  i rriietit  is  ^reite;.! 
at  t tu'  ‘wp  I Or;  i ve  ’ s edjje  and  pi  ojji  es.s  i ve  ly  decrc.iscs  to  zer.i  over 
the  first  t wo  inclies  of  plate  Iciiidli.  honseniient  I y , hond'iift 
results  in  tlii-.  early  region  are  inconsistent  with  those  olitnned 
further  tiiong  tlie  pl.itc.  Hue  to  such  houtid.iry  iffects,  the  phite 
material  along  the  long!  tudintil  edges  also  accelerates  ,it  a lewi-r 
rate  than  does  the  center  region  material.  .\;  a result  some  of 
the  luminous  formation  advances  in  a direction  inclined  toward  The 
camera.  Siiccific  data  reduction  for  the  shots  used  in  estih!  i sh  ing 
an  e.xper utienr a 1 teehni(.|ue  is  ineluded  in  Table  9. 

2.  Helium  fests 

In  an  attempt  to  reduce  the  extent  of  obstruct  ion  caused  hy  tne 
luminosity,  an  experiment  was  conducted  using  an  inert  gas  tioojing 
of  tlic  interface  region.  Designated  as  I.ASl.  1271,  tlie  experimental 
configuration  is  shown  in  Figure  lb.  .A  plexiglass  gas  shield  served 
as  the  top  of  a gas  containraeni  box  constructed  of  tlu  same  material. 
The  base  jilate  was  situated  on  a thick  stool  anvil  plate  to 
reduce  damage  to  the  firing  table.  A steady  supply  of  helium 
gas  was  maintained  until  after  the  event.  Helium  was  cliosen 
because  it  does  not  ionize  unless  extremely  liigli  temperatures 
are  realized. 

lifspite  this  provision,  the  obstruction  was  not  eliminatml. 

In  fact,  tiie  area  of  ionization  within  the  interface  increased. 

Tliis  was  due  apparently  to  tlie  less  dense  helium  offering  less 
obstruction  to  particle  passage.  in  this  case,  the  ionized 
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llu'  only  .1  ppa  rent  jinss  i h i 1 i t y left  for  iiiiprovenient  w;is  to 
(.xelucie  all  ,1 1 r fi-oni  the  interl'aee  region  diiritij;  the  welding, 
d.  Vaeiitim  Tests 

In  onler  to  accommodate  vacuum  welding  experiments,  an 
ixiiendable  p 1 ex  i 5;  I vacuum  chamber  was  develoited.  Hue  to  tiie 
1 ndi  finite  nature  oT  the  vacuum  senes,  the  fabrication  of  a more 
pirmanent  steel  or  concrete  vacuum  chaml>er  could  not  be  justified. 
Several  designs  were  tested  in  welding  events  LAST  127;  through 
lj\Sl.  1279  until  tlu'  final  vacuum  welding,  configuration  was 
reso  i veil . 

rile  resolved  vacuum  chamber  design  and  the  integration  of  the 
total  spec  1 inen/chamber  system  are  shown  in  figures  17  and  18. 
figure  18  identifies  each  component  and  illustrates  its  use. 
liiree  of'  these  components  reijui  re  special  comment;  the  gas  shield, 
tlu-  detonation  g.is  deflector  and  the  explosive  environmental  liag. 
The  detonation  gas  shield  was  of  plexiglass  to  avoid  the  potential 
out  gassing  profilem  .issociated  with  [ilywood  in  a vacuum.  -Second, 
tile  ex|)losive  environment  hag  was  used  to  jirevent  a similar 
situation  from  occurring  with  the  dynamite.  I'he  high  nitroglycer- 
ine content  ot'  this  explosive  demanded  special  iirecaut  i oris  be  taken 
to  preclude  its  outgassing.  The  ado[)ted  solution  involved  the 
plastic  environment  bag  to  preserve  the  atmospheric  surroundings 
of  the  exiilosive.  The  detonation  gas  deflector  was  necessary  to 
prevent  the  bag  from  assuming  a high  degree  of  curvature  as  the 
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PLEXIGLASS  GAS  DEFLECTOR  AND  EXPLOSIVE  SYSTLiV, 
ENVIRON, ViENT  BAG  CONSTRAINT.  PRECEuDES  BAG  FROM 
CONFORMING  10  SPHERICAL  CONFIGURATION  IN  VACULEM 
AND  CONSEQUENTLY  LIFTING  EXPLOSIVE  LOAD  OFF  GF 
FLYER  PLATE. 


EXPLOSIVE  ENVIRONMENT  BAG  TO  PRECLUDE  0UTGAS5ING 
OF  DYNAMITE  DUE  TO  VACUUM  STATE. 


(£)  PEEXIGLASS  DETONATION  GAS  SHIELD.  PREVENTS  INTERFACE 
CONTAMINATION. 


@ CARDBOARD  BOX  LOADED  WITH  DYNAMITE. 
Q FLYER  AND  BASE  PLATES. 

@ LINE  ..AVE  GENERATOR 
Q DETONATOR 

18.  CDtupoiiL-iU  ‘ ,if  V.icimni  Wclilin^'  A,)l).u'.U  u-- 


-59- 


LASL  ATMOSPHERIC  WEEDING  SERIES 
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Table  10  (cont) 

Local  Flyer 

Experiment  Specimen  Detonation  Collision  I’late  Velocity**  Bond  Tensile 

Identification  Configuration  Velocity*  Angle  Calculated  Measured  Strength*** 
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*Velocity  (inch/microsecond) 

**Position  of  measurement  (inches  from  initiation  end'  and  velocit  . ( incli/micro/sec. ) 

***Position  of  mieasurement  (inches  froii,  initiatior.  I'lid)  and  measured  tensile  strengtii  (Ibs/sq  incii) 


v.iciiiiin  was  ajipl  ioil  aiul,  c()i\sct|ncnt  1 y , lifting;  tlio  oxplosiva  loadin;; 
off  ttio  flycT  platf.  Ifv  hcinjj  curved  in  one  direction,  tlie  def'Iector 
[irevented  significant  sliock  pressures  from  being  reflected  iiack  onto 
the  flyer  jilate.  Using  tins  system  design,  vacuum  stales  of  less 
than  aO  microns  weri-  achieved. 

One  interesting  prolileni  w.is  encountered  during  the  early 
experiment,  conducted  with  this  system.  Specifically,  the  linewave 
generator  had  been  in.,ludeti  within  the  environment  bag  in  such  a 
position  tliat  energy  generated  by  the  detonating  detaslieet  was 
reflected  from  tlie  inner  surface  of  the  Itag.  In  ret'leciing,  the 
I'liergy  caused  a secondary  dynamite  initiation  about  1 indies  ahead 
of  the  normal  detonation  front.  This  condition  was  corrected  by 
moving  tile  detashect  outside  the  environment  bag  as  shown  in  the 
f 1 gures . 

.Nine  experiments  were  conducted  using  the  developed  vacuum 
welding  configuration.  These  are  summarized  in  Tabic  10.  Figure 
lb  contains  a sequence  of  1 rumes  taken  from  LAST  1281.  I'lie 
luminosity  had  been  replaced  by  a formation  of  plasma.  Since  tlie 
vacuiiin  offers  essentially  no  resistance,  the  plasma  formatioii 
more  qiiii-kly  I looded  the  interface  region  than  did  the  luininusity. 
rtie  plasma  lormalion  was  opaque  though  not  of  a high  densitv. 
Consequently,  the  vaeuum  condition  resulted  in  a higher  percentage' 
of  the  llyer  pl.iLe  prolile  being  ohsciire>l. 

As  the  photograph  sequence  also  illustrates,  a continuous 
record  of  detonation  velocity  is  nut  always  possitile.  The  detonation 
products  travel  faster  in  the  vacuum  environment  than  within  the 
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14.  ' ' 'i ifit  ' J ) 'i'y;.'  1 ''a  1 l''ra:’i  1 tu’ 

(.-am''r'a  Hr'cord  : Vacuuni 
Cl c t id  I 1 1 on.T 


a 1 1'- f 1 1 loil  cnv i ronmi-Ht  l>a^.  (ainscmioiit  I y , tlie  lietoiiat  i on  front 


position  ht'comi"^  obsciirroil  as  it  advances. 

This  experi  mental  technique  was  most  constructive,  althouj;li 
not  uiited  for  the  jjeneral  flyer  jilate  exjier i nient s . The  framing 

camera  photos  j'rovided  a unique  record  of  the  jetting  phenomenon. 

■* . Resolved  Teclinique 

As  previously  stated,  the  resolved  experimental  technique 
consisted  of  tlie  atmospheric  welding  technique  complemented  by 
rad  1 ograithy  . I)es|)ite  luminosity,  which  hampered  framing  camera 
photos,  ,1  ■'C'quenceil  flash  X-Ray  would  provide  a complete  flyer 
plate  profile  at  a predetermined  time.  L’sing  this  record, 
the  associated  framing  camera  representation  could  lie  e.xtended 
)>cyi>nd  the  time  when  luminosity  obscured  camera  recoids  as  shown 
in  1 igiire  20.  ligiire  21  shows  a typical  radiograph. 

file  exi'erimenta  1 arrangement  is  shown  in  Tigure  22.  Ihe 
addition  of  the  flash  X-Ray  film  cassette  approximately  12  inches 
behind  tin  specimen  required  a new  ])osition  for  the  flash  box. 

The  mirror  placed  between  the  film  cassette  and  tlie  specimen 
assembly  proved  quite  adecpiate  in  establishing  the  required 
i nt  e r face  i 1 1 unii  nat  ion. 

The  exfieri mental  procedure  varied  little  from  that  used  in  the 
atmospheric  welding  experiments  previously  discussed.  The 
firing  sequence  was  modified  to  include  the  operation  of  the 
flash  X-Ray  unit.  Ihe  time  delay  geiu’rator  was  used  to 
sequentially  open  the  framing  camera  shutters,  fire  the  flash 
X-R.iy  unit  and,  finally,  destroy  the  tilt  mirror.  The  delay 


I 


Figure  21.  Typical  Radiograph 


wiTi>  AO,  lO?,  anil  AO  mi  crnsn.-i-Dnils  ipspfct  i vely  . "In*  i^ulnin/, 
lit  llu'  t'lasli  X-ray  unit  a 1 dftonalnd  an  indicial  rap  loi  a'.id  nn  t'u 
! ront  sidf  nt  ' if  jilato  asstmhlv.  Thir;  scrvi-d  to  mark  t iif  pa  r L i ( f I n t 
t ramiiiK  ranift  a f rami'  common  to  tiu'  radiogra|5h  rt-cocd  . 

riif  rfstiltM  oi  Llif  tf;iL.s  run  ii.sin>;  Ihf  it-snlvcd  ti-ciin  iipai'  arf 
siimmar  i ;u’d  in  Taljle  II. 

t.  'IfsLs  Coiidiii-t  I'd  at  liiitod  St.Ue.s  Air  Forcf  Acadony 
1.  I’iaLf  Wolds 

The  platf  wcldiiif’  teclin  lipaes  utilizi-d  for  tests  toniiiic  led  at 
LSAFA  were  very  similar  to  those  desei ibod  in  the  prevLtnis  suction  on 
lv\Sl,  tfsts.  The  specific  details  of  the  test  cottf  i Kurac  ions  and 
instrumentation  arrangements  are  given  in  Appendix  C. 

A total  ot  V21  plate  le.sLs  were  made  at  the  L’SAFA  test  site  during 
the  pi  ril'd  lovered  by  tnis  report.  These  tests  are  summarized  In 
Table  Id.  Tlie  data,  eonsisling  of  flash  X-ravs  and  use  i 1 loscopo 
photograph.s,  are  on  tile  in  the  Department  of  Civil  Kngineering, 
Fngineering  Meehan  ies , and  Material.s  at  the  USAF  Academy.  I'hi'  digitized 
data  from  many  ot  t hesi  tests  are  Included  in  tlie  .inalyses  in  the 
! ol  lowing  cliapter  . 

D.  Spi)_l__Welii  inj^  Tesys 

ICsing  si'ecimens  provided  by  the  USAF  Acadi'my,  s()ot  wi'Iding  wi.. 
atti'mpted  .it  ! hi'  Forth  Worth  Division  ut  Ceneral  Dynamics,  using 
various  kimh.  and  amounts  ol  exjil  os  i vi's , and  weld  set-uj)  conditions 
sill'll  as  explosive  p 1 aii'nien t and  di'tonation  de.srribed  below, 
a.  Spot  Welding  Investigation 
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Spot  wolils  woro  at  t oil  u*;inK  <>  platr  t h 1 ■.kno-is  '!/!«•, 

1/K,  S/lt..  l/l,  ^/S,  I/J-incIics)  .iiul  ^ iKiptilo  iiitin.ity 
1 1 vi- 1 s . 

S.  "r’  WilJ  Invest  i Kat  1 oil 

Various  .ittempfs  ti>  v*otJ  a plate  (flanj’.e)  ti>  the  top  ot  .i 
stom  section  were  nade.  Ihe  weld  plate  thickness  was 
(i.JSH  inches,  and  the  stem  was  initially  Indies  in 

thickness.  Hus  arrangement  was  intended  as  a transition 
specimen  with  the  ultimate  specimen  conf'i  Rurat  ion  !»ein»'  that 
of  tlie  AMJ  aluminum  airfield  matting  repair  kit  described 
in  a separate  teciinical  rejoii  (USAF,  1971). 

The  specimen  mount  for  the  "I"  welding  experiments  was  also 
de-igned,  fabricated  and  provided  by  the  Academy.  iligure  d.>) 

\ total  of  lip  parallel  plate  welds  and  SJ  "I"  type  welds  were 
attempted.  I valuation  of  most  of  the  weld  specimens  was  accomplished 
at  the  lort  Wortli  Division  instead  of  at  the  Ac.iJemy.  Ihis 
procedure  was  adopted  as  the  work  progressed  to  .il low  immediate 
feedback  on  weld  set-up  variables.  A final  set  of  the  welded  plate 
specimens  was  sent  to  tiie  .Academy  in  the  as-welded  condition  for  tinal 
t est 1 ng. 

Ihe  explosive  set-up  used  in  these  studies  consisted  of  a short 
(1/J  to  1 l/l  inches  long)  length  of  Detonating  Cord  explosive  (the 
"spot  explosive")  set  upright  on  the  upper  surface  of  the  lop  plate. 
Ihe  explosive  core  of  the  Detonating  Cord  was  set  in  direct  contact 
with  the  metal  plate  as  shown  in  figure  dl.  A mound  of  modeling 
clay  was  used  to  hold  the  Detonating  Cord  in  place.  A second 
length  of  Detonating  Cord,  the  stringer  or  lead-in  explosive 
(figure  Jla),  was  strung  across  the  top  of  the  spot  explosive  .iiid 
served  as  the  means  for  detonating  the  spot  explosive.  A modified 
set-up  consisted  of  .i  separate  stringer  and  lead-in  (figure  d-lli). 
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PLATES  TO  BE  WELDED 


UO- 


All  i»  i-.  .ittacfu-ii  to  t(it  tir  ttiJ  »i  *ii<  Jt  il  in 

(or  to  thi-  it  i .»*|i;ir.ito  loa.l-iii  w not  U'Oiti.  I'.o 

lo>.  t I i ».  blast  lilt;  cap  initiatoil  the  ajiIosiom  whuli  tlici.  t'>l  ...  J 
the  U-a»l  111  to  the  sti  irijjt-r  aiul  then  to  the  sjmt  fA|Oiisi  v<‘,  !1»<* 

ili-tonat  i.iti  I't  tiif  lea<l  in.  ■'trin>:c!'  in.l  S|Hif  exjilo-  ivo  (.iiiJ 
oU’ctric  hl  i.tui^  cap,  it'  too  close  .ill  have  an  etlV.t  the 
explosive  rtilJirif:  action.  lij;ure  JJt  ilJu.tr.ites  another 
van. it  ion  in  which  ;i  pl.i.tic  sheet.  ilrllK-.l  to  ai  eumsK.il.it  < s:>oi 
explosive  ch.irf:es.  v.is  usx-d. 

The  over.il!  le.siilts  of  tiie  paramet  riv  .stiijy  .ire  ••iwiir.n  i ^e.!  .11 
l ihle  l.A.  iach  t.ible  presents  thi-  r -suits  of  both  the  parallel  pi  ite 
.uul  "1”  weKl  iiivx  St  1 ^.it  ions  for  .1  single  pl  ite  thickness.  Th, 

”1"  -AeKIs  are  listed  according  to  the  top  plate  tluckuess  .,jij  ire 
ideiitifieil  by  speciiaei.  mimber  stattiiin  witli  tlie  numbi  r " . Ine 

tioiTH-nc  lat  lire  usi-d  in  the  tables  and  .ulditional  det.nls  rel.i:  ive  to 
the  -.pot  weldinj;  set-ups  are  niven  belov*. 

(^o  I limn  1,  Wei  ding  Grouping 

I nt  ry  indicatv-.  the  nunitier  of  spot  welds  s inuil  t aneous  ly 
attempted  (i.e.,  a single  or  multijile  spot  weld  arrangement).  Ihe 
mimber  in  |>.irenlliesi  s ( ) following  the  multi-spot  numbers  rejiresents 
the  interspot  distance;  if  the  spot  spacing  varied,  it  is  described 
1 n t he  Rl. MARKS  co  1 umii . 

Co  1 uiiui  2 , Slice  I men  Idcnt  1 f icat  ion 

The  entry  is  the  specimens'  unique  numerical  identification 
marked  on  the  specimen. 

^ 1 umn  .A,  explosive  System 

These  entries  describe  the  three  components  of  the  particular 
explosive  arrangement  used;  the  spot  explosive,  the  stringer  and  the 
lead-in  (if  used).  I'he  first  subcoliimn,  labeled  "Spot",  codes  the 
spot  explosive  element.  The  first  mimiior  gives  the  length  of  spot 
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STUDY  USING  1 16  INCH  PLATE 


SPOT  WELD  STUDY  USING  3 16  INCH  PLATE 


SPOT  UELD  STUDY  USING  V4  INCH  PLATE 


•Iclaslieirl 


SPOT  WELD  STUDY  USING  3 '8  INCH  PLATE 


» 3 spots 

1?  13  b One  spot  of  1 2 100  • OC  • 

400  ‘ 12  400 


i.'\p  Ills  i VC  ii-'Cil  (1/J,  .1/ ! , 1,  or  1 1/1  iikIics);  tiu-ii  ‘olluv^  ,1  lisli 
line  f/l  with  the  next  ruinihcr  1 nil  i ».  at  1 n>’  the  exiilosivc  st  rc.i’t  It  in 
>;r  I ins-|>cr- foot  of  I’l  I'N  explosive  I>et  onat  i n>>.  (ioisl  for  the  spot 
'•vplosivc  (wlicre  something,  other  than  i’rimaeoril  was  used,  if  1 ■ 
speeifieally  i ilUd  out). 

The  niuldle  .ukI  third  suheo  1 umn  ■ de.sciibe  the  leaJ-in/  trinrer 
elements.  In  most  vise:-,  I’rimaeord  Det  oiiat  i ni:  (lord  was  iisid  foi- 
st tinkers  and  lead-ins;  deviations  t'rom  this  pract  lee  are  indieated 
and  the  substitute  identified.  In  t lie  thicker  jilate  shots  (l/l  inch 
and  yreaterl  there  were  some  •,oinp  1 i cat ed  set-ups,  hut,  sinci-  most  ot 
these  tailed  to  produce  suitable  result. s,  little  description  ol'  them 
is  r.iven.  In  the  striiu'.er  code  the  t i rst  number  indicates  the  lonuih 
of  lietonatiny  Cord  (/inches  up  to  IS  inehes),  while  the  second 
number  indicates  the  betoiiatinx  Cord  e.xplosive  strength  in  ^rains-per- 
foot  . lor  strini'.er  lenjtths  of  (>  indies  or  less,  tlie  electric  hlastini> 
cap  was  centered  in  the  stringer.  I'he  loufjer  stringer  lengths 
iiulicate  a combined  stringer  + lead-in  with  the  electric  lilasting  cap 
set  at  the  far  end  ot‘  tiie  lead-in.  A stringer  marled  ilbli.  means  that 
the  stringer  was  ilouhle  (two  lengtfis). 

Co  1 11:1111  1,  I'reJ  i I'd  narv  Weld  lival  nation 

rh  i s third  column  gives  the  welding  action  observed;  is 

no  weld,  "W"  indicates  tiiat  the  pieces  stuck  together  and  nad  to  be 
pried  ajiart.  Welded  jiarts  tbit  were  mildly  difficult  to  pry  .ipar^ 
are  nierrly  marked  "W".  "Wl"  metiiis  iliey  came  aptirt  with  great 
difficulty  and  "Wd”,  "W.^"  with  cxtronie  tlifficulty  torn  metal).  ''SI  W" 
means  only  slight  welding  took  place  and  the  parts  came  apart  easily 
or  if  on  a "IVl",  that  welding  occurred  only  a small  ]i.irl  of  (loteiitial 
weld  area.  "i’W"  me. ins  that  welding  was  only  partially  congilete  -- 
incomiilete  ring  or  incomplete  scries  in  multiple  spot  shots.  "X" 
in  conjunction  with  "W  and  ”.\W"  iiuiicatos  test  specimen^  which  wero 
sent  to  the  Academy  fer  iiiial  testing  (no  attempt  w:is  made  to  pry 
these  specimens  apart) 

Column  ^ ._hond  llegj on 

nie  e.xtent  of  the  bond  region  is  described  in  terms  ot  tin- 
inner  and  outer  diameters  in  inches  of  the  weld  ring  (li.iloi.  Ihe 
letters  f,  V!  indie. ite  that  the  effect  was  taint  or  verv  taint. 

Column  (), ()ujn/r  Diameter  Surface  Cleaji^iii^ 

Tiiis  eolumn  gives  the  maximum  diameter  ot  .lifected  (.polished, 
cleaned)  interface  area  wliich  usually  extends  beyond  the  actual  welding 
zone. 

Column  7,  Outer  Diameter  "Sunburst"  l-.ffect 


I'his  column  gives  the  maximum  diameter  111  inches  of  .my 
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• iiiihiir' •?  I’.x;  "'ii.l  1 .tj;  out  tri'n  j )k*  .ictiosi  "ii” 

iiu!i^;iti-s  tlK'  r lys  .vimi,-  heavy,  "m''  mviliiiin  lie. ivy,  "SI"  slijiiit,  "I'" 
jiartial  (one  ;i.;e),  t'.iint. 

Co  limn  .S  , Remark^ 

Other  lurfiiieiit  condition;,  ire  di- -c  r i he-'l  in  thi  - column. 

Sr>me  of  rhe-e  are;  "Cold  - warmer  wirme;.t"  i ml  i cat  i iij;  .1  rieries 
where  the  weld  c|K‘ciiiicn  w.is  he;ited  .ihove  the  outsi.le  air  t ei.iper  it  lire 
on  .1  cold  d.iy  prior  to  wcldiiift;  warniei.t  waw  hot  to  toueh  hut 
toUr.ihle.  "Rev.  cl.iy  --  1,'..’  cl.iy  - 0 cl.iy"  imlicatcs  a variation 
in  the  amount  of  clu/  around  the  .-ipot  CNplosive.  "W  / o pla-t;c" 
w.i;  without  the  thick  plastic  useii  on  the  1st  shot  in  tlie 

s(.ries.  "\C"  iiidicati-'S  th.it  the  .1  luiiii nuiii  plates  were  not  specially 
tieo.x  I d 1 ;:ed  or  cleaned  in  acid.  "Isi"  w;is  the  Jeox  i d i c 1 iij.;  solution 
(Ts  1 Rust  .ind  lairbon  Remover)  used  in  [iiep.irinv  cleaned  plates. 

Olii  Isi  solution  tended  to  "redeposit"  material  on  the  .iliiininum 
jil.ites  which  remained  in  the  solution  for  mure  ih.an  a - 1 hour  , 
redeposit  wa  ; snmetiMies  removed,  witli  "lava"  so.ap.  "Ihree  liolc,. 
in  pi. i:, tic"  reiers  to  a shot  when'  tiie  spot  expiosivi-  was  [ilaceil 
in  holes  drilli-d  in  a plastic  sheet.  "Rounced"  indicates  th.it  .1 
s.imple  knocked  off  its  anvil  by  tlie  reS[K)rise  of  the  ;invi  1 ba^e. 
"Durned"  desiipnites  .1  samjile  seriously  burned  on  the  top  .sui  f.ice  by 
excessive  or  im|)roper  explosive  action. 

liie  results  indicate  that  the  unclad  (Rhil-fO  aluminum  alloy 
as  received  (without  deoxi d i c 1 nv) , can  be  explosively  welded  at 
thicknesses  u[i  throuph  about  1/8  inch  with  the  commercially 
avail.ible  cxjiloslves  such  as  PlffN  Detonating  Cord  (rrimacord)  uul 
I'hiN  sheet  explosive  (DetasheetJ.  It  was  cpiite  a[>patent  throuvhout 
the  study  that  commercially  available  exiilosives  lack  uniform 
detonation  ch.i  racter  1 st  i cs  when  used  in  the  sm.il  1 quantities  needed 
for  explosive  spot  welding. 

Ilie  1/lf)  inch  and  1/8  inch  thick  bOM-Tti  aluminum  could  be 
satisfactorily  welded  using  the  normal  solid-state  explosive  spot 
welding  techniques  with  the  Primacord  explosive.  The  thicker 
[ilates,  part  icularly  the  .1/16  inch  tliick  material,  as  received, 
were  contaminated  with  a wax-like  jirescrvat i ve  which  could  be 
removed  onlv  with  difficulty  in  a hot-vaiior-iievrea.ser. 
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Anotlu-r  pcrriiu-ni  result  of  t li<  jil.iir  .jii  • v.  i-l  ii!'.'.  i 

t l).U  pifsi’i)  t 1 V iv.i  i ' ;il>l  »•  lonimori' i.J  1 t-xplo.sivts  .iri-  n.-i  iviil.iu'.  , n 
.iili'ijii.i  t !■  sttin)ittis  or  with  'if  f i i i in  t nii  i t it  t 1 1 v !<i  •ii'''npli  ti 
SCI  1 i(J-s  t .i  1 1'  wi'lds  .It  pl.jtf  tliii-kii'  i'u-s  of  \/\fi  incli  <'t  >T.*.it'T  whfn 
iisiin’,  7vra  st.iiuJoff  toclin  i(|ufs . ihi-  .snliiliun  to  tiii'.  part  nl  t i«* 
Iirohleni  tcipiiri-.s  tiu-  i dc-n  t i f ic.i  t i on  or  dive  1 opiiii-n  t of  ii'-w  >•  :<p  1 os  i vi-s 
or  t I’l'hn  i ((iiirs  . 

Tile  p.ir.illel  plato  .and  "T"  woKl  studu-.s  indic.iti-  th.it  tlio  '-pot 
Wfidinj;  of  hOhl  aliimimini  alloy  pi, ales  to  "T"  stotns  (as  raip.hl  (uent  in 
t .ihr  ic.it  inR  the  .structural  "ll"  connectors  for  AM2  l.indinp,  mats)  woul<l 
rc(|uirc  some  special  design  considerations.  This  is  .ipparent  in  that 
till'  outside  di.itr.eters  of  tiie  weld  regions  whicli  wi're  obtained  .ire 
bigger  than  tlie  "T’’  stern  widtlis  previously  consider. ul  foi  t lie  mat 
connectors.  Tliis  would  mean  that  in  using  a stem  narrower  tiian  the 
weld  .irea  diameters  tlie  welded  joint  would  con.sist  of  a series  of 
nearly  par. il lei  weld  baud  zones  spaced  along  the  lenglli  ot  the  stem. 
Although  tills  weld  effect  would  not  necessarily  be  uns.it  i sf  a.  torv  for 
the  purpose  intended,  tlie  parallel  plate  welding  approach  w.is  judged 
to  [iroduce  .i  more  desirable  result.  This  was  the  reason  foi  I'raph.isi.. 
on  the  parallel  [ilati'  approach  throughout  tlie  remainder  ol  this 
invest  igat ion . 

In  addition  to  the  single  spot  weld  attempts,  some  multii'le 
spot  welils  were  attempted.  This  was  done  to  allow  preliminary  infor- 
mation to  be  olitained  on  interspi't  effects  which  might  occur  in 
field  rep.iir  an<l  construction  applications.  Shock  fronts  i rom  two 
or  more  explosion  origins  may  interact,  eitlier  reinforcing  or 
nullifying  the  effects  which  lead  to  solid  state  bond  development. 


I 

1 

kt'Siilt^  I'n'm  tiu'  i ikI  i cat  (.•  tlia^  spiit  wtli!";  ' il  tlu-  cxpliiM'.c 

loail  level-’  iiseil)  siiouKl  !n  at  lea.t  \ to  .S  inches  .ipatl.  ‘-loi*- 
e\a<.T  1 1 nil  t a:  H'li  ’ uniilii  have  • n i)c  Jc  t e ri’i  ineil  when  aitiial  l'iel<l 
spot  welJiiu;  ipp  i 1 c 1 1 1 i>n  . ari-  i tr.  e ■ t i j;a  t ei! 

I . ke  1 1!  • 1 1 11  It  i >i!i 

1 . Ui ; iMMin  1 >.  lest  mp. 

' Xaiiitij'  parille]  aliiminen  plate  sjiei- linens  were 

I i-xamiiu-ii  prit'r  te  destructive  testiim  u-iiin;  the  ultrasonic 

te-t  system  shewn  mi  I i cure  Ja.  Ihis  sysfeni  coieisted  nl'  t tie 
late-.’t  comnii- re  1 a I I V avail  it'l<  ..Irri^aruc  ei(ii  i [iineiif  wliich  incliiJeu 
t he  f’o  1 1 nw  1 n j; : 

I a.  \ut  'iiiiti).  kesi.n-'h  l ink  iiui  (1-Scan  kecorder  System, 

Automation  Industius  Model  s(<'  11.  Hu,  •>yste'n  w.is  eniupped  with 

a t yiH  .’.'AJ-M.  se.irvh  uni*  . i '•llin,  IM.  dianieteij. 

I>.  ke  1 I ev  t osi,  ope  lnsjilay  Unit,  Automation  Industries 
NVulel  ■’Jl  lype  .".nirdl. 

c.  U).\  1 ul  ser./kecei  I'ei  .'•lodule,  Automation  Industries 
Nkule  1 .oOl.fi.sa. 

The  only  correlation  t'ouiul  to  exist  between  the  resulting; 

I ultrasonic  tl-scan  traces  and  siihseipient  destructive  tensile  test 

results  wa-.  the  anticipated  aj;reement  in  identification  of  honJ- 
disbond  areas.  iij’iire  2()  illustrates  such  a correlation  iisin^; 
a weldeil  specimen  formed  with  two  .A/8  inch  thick  (lOtil-lii  aluminum 
plates.  Petai led  examinations  of  variations  of  ultrasonic 
interface  and  hack  surface  echo  signals  with  tensile  stren>;ths 

have  yielded  no  additional  insight  into  bond  conditions,  figure  2?  \ 
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Fijiiire  25 


Ultrasonic  Test  System 
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RELATIVE  REFLECTION  AMPLITUDES 
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figure  .?7  I’lutf  IVohl  UltJMSoiiie  ixuini  n.it  i o;i 
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relativl  reflection  amplitudes 


li>’,iirc  27  I’lati'  Wold  Ultrasonic  lixamination 


-I  (VJ- 


shows  rolat  ivt‘  rillortion  amplitudes  plDtted  versus  tllstanre  iron, 
di  totiation  end  for  the  aiieular  standoff  and  naralli'l  nlate  welds. 

Ihesj-  cases  are  tvpical  in  lliat  tliey  reveal  no  apparent  relationship  between 
signal  frequency,  amplitude  of  tlie  reflected  signal,  and  bond  tensile  strength. 

2.  Wavelength  Va ri at  ions  with  Selected  Welding  I’arameters 

Sevei'al  impact  parameters  commonly  associated  with  wavclengtlt 
\ari.itions  include  tlie  explosive’s  detonation  velocity,  I),  the  initial 
lunar  standoff  ilistances,  S,  lictween  the  plates,  the  initial  angle 
of  relative  inclination,  a,  and  finally,  a dimensionless  ratio  of  the 
mass,  M,  of  the  flyer  plate  jier  unit  surface  area  to  the  mass.  C. , of 
explosive  associated  with  the  same  surface  area,  i.e., 


where  p,  and  D are  the  desnities  of  the  flyer  plate  metal  and  the 
cx]il()sive,  respectively,  and  t and  h are  the  corresponding  thicknesses. 
In  this  study,  data  from  the  parallel  aluminum  plate  parametric  study 
was  used;  explosive  detonation  velocity  was  assumed  to  he  independent 
of  explosive  thickness.  Thus,  the  impact  parameters  of  interest 
reduced  to  the  constant  linear  standoff,  S,  and  the  mass  to  charge 
ratio  M/f.  Interface  deformation  wavelengtiis  were  obtained  from  the 
center  region  of  the  specimen  either  by  direct  measurement  using 
failed  tensile  strength  specimens  or  from  photomicrographs  of  the 
wave  profiles  ((igiire  28)  and  were  plotted  as  shown  in  i'igure  29. 
Analysis  of  the  wave  length  variation  with  welding  parameters  is 
included  in  the  following  chajiter  on  analyses. 
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'•  t ■'  for  tvcKl  '-■trc-ngtli  I *. .i  1 ti.it  s uii 

.1.  lilt  roJiu't  ii)i'i 

111  the  t'ollowiiii'  p.i r.i):r.i]ilr; , the  specinien  weldiiij;  lichid- 
ule-'  aiul  the  ueidin^  streiijtihs  assuciatid  witti  each  of  the  i-xplosivc 
lo;ul-si'Lc  inieii  assenihlv  con  fi  giirat  i ons  art,-  iireseiitreil.  The  various 
destructive  test  methods  used  in  tlie  evaluation  of  these  weld 

strenj;ths  are  also  descrilied. 

y 

h.  Shear  Strenp.t!i  1 valuation 

Specimens  foi'  shear  tests  were  saw  cut  from  the  w«  Ided 
coiTi]iosite  as  sliowr.  in  Kinure  JO.  In  the  early  stages  of  the 
study,  the  practice  of  previous  i nvi'St  i gators  influi-nced  the  use  of 
the  shear  test  si>eciifie'i  design  shown  in  1-igure  31.  Miis  arrangement 
IS  commonly  called  a tension-shear  specimen  as  sliear  is  [iroduced 
across  tin-  weld  interface  section  through  an  .ipplication  of'  axial 
tension  force.  This  design  was  used  in  testing  most  of  tlie  parallel 
aluminum  jilate  welds.  In  these  cases,  the  interface  failure  length, 
d,  was  calculated  using  the  following  reasoning. 


lAll.lIRI;  l.OAl)  O.N  Slll-.AR  I’l.ANI-.  < l All.lJKL  I.OAK  IN  ilNSlON 


r 


I 


\ d M 


d < 


or  d < 2 t 

since  the  ultimate  tensile  strength  (o^^)  of  hOhl-Tti  aluminum  is 
approximately  twice  its  ultimate  shear  strength  Using  a factor 

of  safety  of  2 to  insure  failure  in  sheai-,  a cut  offset  distance 
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d t w.r-  'lu  rma  1 1 y used. 

Diirisij’  till'  itiitiil  slu’ar  s[)ct- i mt-iis , lujufirver,  if 

iHaamo  dlivioiis  fiiat  an  alternate  test  teclininne  was  necessary.  Hie 
steel  specimens  were  cocking  consulerahly  prior  to  failure  due  to  the 
unwanted  jiresence  of'  major  bending  stresses.  Such  a condition 
invalidated  the  test  failure  as  one  in  shear  alone. 

A search  of  related  AS'l'M  publications  resulted  in  the  replacement 
of  the  t ens 1 on -shea r test  with  the  lug  shear  test  described  in 
/Vs  1M-Ad()l- I rr.  Using  the  guidance  given  in  tliis  standard,  the  shear 
test  specimen  mount  and  specimen  designs  shown  in  figures  .s2  through 
si  weie  conceived  and  adopted  for  use.  I'hese  were  most  successful. 

In  practically  every  case,  the  machinist  could  easily  detect  the  inter- 
face position  as  the  lug  depth  was  being  developed, 
e . l ens i l_e_  re2ij.'.t h hva  1 uat  ion 

At  the  beginning  of  this  study,  little  reference  to 
tensile  bond  strength  fforce  applied  normal  to  interface)  or  the  means 
of  measuring  it  coulil  be  found  in  the  literature.  Instead,  jtre.it 
dependence  was  placed  upon  tension-shear  test  results.  lol lowing  the 
suggestions  contained  in  the  literature  ('.Vittman,  I'.'bfj,  the  tensile 
test  arrangement  shown  in  figure  was  adoiited  and  usetl  in  testing  a 
considerable  jiart  of  the  jiarallel  aluminum  jilatc  weld  test  sequence. 

As  the  test  program  piogressed,  however,  several  test  deficiencies 
became  obvious.  first,  the  tensile  stresses  being  transmitted 
through  the  adhesive  were  not  uniform.  Consequently,  even  though  the 
adhesive  used  had  an  unusually  high  tensile  strength  (=12,500  psi) 
many  adhesive  failures  occurred,  which  initiated  in  the  center  region 
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in  .1  tensile  moiie,  t r.ins  i t ion  inj;  to  siihseqiient  peelitiji  onl  to 
the  tost  coupon’s  perimeter.  Sei.ond,  the  weld  inteit.iie  f.'iil'ire 
•irea  was  vorv  small  allowing  small  occasional  bond  imperfections  to 
unduly  influence  test  results.  Third,  force  alignment  was  critical. 
As  a result  of  this  iintaeorablc  evaluation,  a tensile  Lest  arrange- 
ment first  used  at  Du  Pont  was  investigated  and  found  to  he  out- 
standing for  weld  tensile  strengtli  evaluation.  The  design  ol 
spec  imen  and  specimen  mount  are  shown  in  Figures  lb  through  . 

The  tensile  test  specimen  mount  can  accommodale  specimens  of  various 
interlace  areas  and  outer  diameters  through  the  use  of  a transition 
ring  insert. 
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IN.  WAI.'lSI*. 


A.  Strciif^th  V.iri.tt  pill  .%irii  I’D.siii.ui  Alonj’  vV-1'.  .mo  Kx.Ji  - .ive  Li.iJ^ii  /, 
liKTi'  li,i'>  loiii  .1  rfciir  n n^■  r<  i . .im  «•  iCi  thoorct  icil  ttmiKl-- 
linitl'v!  to  I-UM'  uilMMt  11)11'.  of  ;-t<M  1>  tllllj  1 1 OU  «hl  tl  ill  :lO!  I'l-l'mit 
[iroper  cotis  uiiT.it  loii  ot  sovor.il  ii  in-i'ts  of  tin-  ui-lJiiiji  [irufi.";'' 

UK  liiili  tn:  p.iitiiij;  t r. ins  lint  .iiiil  •iiiiliirv  conilifions.  In  orJi  r 
to  .iimonst  iMt  f tlmt  tlu-si-  Itittir  two  a..|)osf.s  ' nn  i f i (.•■mt  1 y i n tl  iumkc 
the  wi'liiini;  ffsponsc , ;i  p.ir.illi-l  ;)lati'  specimen  J-l  iiuhes  lonit  w is 
pri'p.'i  reJ  iisinp,  1/1-inch  thick,  ()('(il-T<)  a liimi  niin.  plate  stock.  Hoth 
pi. lies,  t’te  flier  .iiul  the  hasc  iJl  ite-s,  'were  (>  inches  wple  anil 
posit  loiu'i!  with  a constant  I'.Ns  inch  (t/2)  staiuJott.  llsint;  i.irlier 
.iliiminiiiii  p.ir.illel  pl.ite  jia  i .tnet  ri  • il.it. i,  .in  ojit  iiiuini  e.vjilosive 
loailinj)  ot  l.J  ' I'll"  <’f  ilyiKin;  i * e was  selecte.l  lot  use. 

Suhseijiient  to  weliliMj;,  tensile  *(  ' spec  i mens  were  taken  at 

-st.iiions  I inch  on  center  .iloni;  trie  length  of  weld  CKietir.  40). 

Shear  speciiiKii''  were  t.ikeii  from  The  jiltite  area  i nune.l i 1 1 e 1 >■  i.lj.i.eiit 
to  the  line  of  tensile  test  S|)ocimen  . Met  1 1 lojtraph  i . speciinen: 
were  t.iken  from  the  re>;ions  hetween  the  tensile  te  t sjiecimeiis  .is 
shown  in  the  same  fii;iire.  The  results  of  the  dest  nicl  i ve  tetisile 
.'ind  shear  tests  are  ■•hown  in  i'ip,iire  4 la.  As  shown,  the  indicated 
st  renj;tiis  were  l.iirlv  tinilorm  except  for  two  siKuific.int  dif  f<-renci-s. 
Ihese  were  the  two  stren>’th  rediictlon.s  oeenr  r 1 ne  approx  i ma  t e I v h .and 
21  inches  from  the  detonation  end.  Conceivably  these  v.iri  .it  i ons  were 
due  to  difference',  in  the  local  states  of  stress  as  influenced  hy 
material  properties,  specimen  houndary  conditions,  and  loc.ition. 

The  necessity  for  uptimicinn  weldinjt  parameters  is  shown  in 
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ULTIMATE  STRENGTH,  lbs /in 


70,000 


60,000 


).oooj 


40,000  j-- 


30,000 


20,000  \ 


1 0,000 


SOME  VAMATIONS  WITH  LENOTmI! 
■ 606I-T6  ALUMINUM  j] 

^ length  > 2<l  0 INCHES 

9 THICKNESS  0 230  'NCHES  ' 

STANDOFF  i 0.125  INCHES  .■ 
CHARGE  1 2 gromt/cmZ  DYNAMITE  ! 


TENSION 


SHEAR- 


I -I 


DISTANCE  FROM  INITIAL  DETONATION,  inches 


f'iH'irt'  41.1.  V'.i  r i a t i iMi.s  ol  Stri’M^;cii  willi  l.i-ni^i  h ot  Wild 


I 


r 


411).  rill'  only  inp'it  [).ir.im»-t  er  v.iriiition  w,m  in  tin-  clioiio  of 

2 

I'xiilosivk'  loa<l  li'vol;  tiie  ^re.iter  <piantity  of  1 . S )^rnn:./cni‘  was  nsod. 
il)i'  resulting  strengths  are  super  imposed  upon  t liose  obtained  in  the 
previous  case  for  comparison  piirposeh: . As  the  i igure  illustrates,  a 
marked  reduction  in  tensile  strength  oicurred  accompanied  by,  however, 
a verv  sliglit  change  in  shear  strengtii. 

A related  illustration  of  welding  response  variation  usitig  .a  24 

inch  long  inclined  plate  weld  specimen  Is  shown  in  Figure  42.  As 

noted,  the  sami-  plate  material  and  dimensions  were  used.  An  explosive 

2 

loading  of  1.2  gr.i.  s/cm“  was  applied  while  the  plate  was  inclined  at 
.in  angle  of  l''’')0',  Ihe  resulting  strengths  follow  a difierent  pattern; 
the  tensile  Strength  remains  fairly  uniform  while  the  shear  strengtii 
v.aries  lu)  t i ce.ih  1 y . 

Wk'ld  tensile  strength  was  found  to  vary  with  explosive  lo.iding 
as  shown  in  Figure  4j.  Note  th;it  there  is  a rapid  transition  from 
no  weld  to  optimum  weld  tensile  strength  within  a very  short  range 
of  explosive  lo.adings.  Th<‘  weld  strength  then  dek:reases  with  increased 
ex(>losive  lo.iding.  Thus,  there  is  a relatively  n.arrow  optimum  range 
ot  exiilosive  loads  in  which  weld  strength  is  optimized.  This  phenome- 
non is  discussed  in  detail  in  Section  F of  this  chapter  (Chapter  ill). 
B.  Shear  Jit  rength  ji_s  Related  to  Pi  reel  ion  of  Shear  App  1 feat  ion 

In  m.athemat  ical  1 V formulating  a description  of  the  welding 
phenomenon,  it  w.is  necessary  to  know  whether  the  direction  of  applied 
shear  inilnenced  tlu-  apparent  shear  strength.  In  particular,  it  was 
desired  to  determine  if  the  resistance  to  relative  motion  of  the  bonded 
plates  was  greater  when  the  motion  was  attempted  across  the  ridges 
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it  thf  w.ivo  formation.  The  resulting  experimental  invest  Ig.it  ion 

involved  the  welding  of  aluminum  parallel  plate  weld  specimens 

0.188  inches  thick.  Three  identical  specimen  arrangements  were 

welded  for  each  of  five  explosive  loadings:  1.55,  1.86,  2.17, 

2 

2.48,  and  2.79  grar.is/cm  of  Red  Cross  Extra  dynamite. 

Subsequent  to  welding,  a pair  of  mutually  orthogonal  shear 
test  specimens  were  taken  from  tlie  center  region  of  the  plate 
spec imens . 
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Ont'  w.is  or  ietiti'd  so  tlial  t ho  sho.iriiig  lorce  would  bo  appl  iod  in  Itio 


difoction  I'f  wdvo  formation.  Tiio  ultim.afe  shout  strcngtfi.s  moa.sutf'd 
in  .subsiujiiont  touts  arc  rocordod  in  Tablo  l^i  and  tlioir  avorago  valiios 
plotti'd  in  Figiiro  44.  .-Xccord  ing  to  tlioso  rosnlts.  the  stio.tr  strengr'ns 
do  not  differ  in  these  two  orthogonal  directions.  iiiis  obsor  e.i  t ion 
strongly  sngge.sts  tliat  tlio  weld  shear  strongtti  in  the  plane  oi  t!ie 
intorlaco  is  indepemitiU  of  direction, 
r.  V.iriation  of  l.'ave  K'ngt  ti 

The  wavi'lengtii  variation  with  position  along  tlie  weld  for 
thi'  two  parallel  plate  cases  is  shown  in  Figure  4b.  These  quantities 
wore  scaled  f rom  the  numerous  photomicrographs  of  the  metal  lograph ic 
spocimens.  Two  notable  icaturos  .ire  apparent.  First,  wavelengtiis 
are  greater  for  the  higher  explosive  loading.  Second,  na  the  figure 
shows,  a deformat  ion  wave  .ipparontly  doe.s  not  exist  in  tiie  b to  7 
inch  distance  range  for  the  1.2  gram/cm*"  explosive  loading  case. 
However,  a siibslant  i.il  degree  of  bond  was  developed  in  tliis  region. 

The  large  accumulation  of  aluminum  parallel  pl.ite  dat.a  w.ts 
used  to  investigate  rclat ionsliips  between  wavelength  and  strength, 
lly  combining  tlie  cxolosive  imiss  versus  strength  data  and  the  wave- 
length vari.ation  data  presented  in  Figure  29,  the  relationship 
between  wavelength  and  bond  strengtii  shown  in  Figure  4b  was  oht. lined. 
Tftis  analysis  indie. ites  that  there  is  no  apparent  functional  relation- 
ship between  wavelength  and  bond  strength,  but  tlie  data  show 
appreciable  scatter. 

I).  Fini_^  El^einenj.  Model 
1.  basic  Model 
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DETONAT 


TENSILE  STRENGTH,  PS  I 


WAVELENGTH,  IN 

lii’iiro  If)  Intirl.m-  Wa  ve  1 h Variations  with  lonsilo  Stian^’.th 


-nn- 


A finite  eleinent  model  i' f the  impact  ot  tlie  two  platen  w.is 
developi'd  under  contract  tiy  Aphahian  Ai;.so<  iates.  :.ime  tt  ancient 
iiehavior  was  felt  to  he  important,  initi.ally  separated  plates  were 
considered.  A1  tlionph  bond  development  w.is  of  prim.trv  loncern,  the 
det.iils  of  bonding  at  the  scale  of  the  metallic  lattice  were  ignored; 
instead,  adhesion  was  assumed  to  develop  upon  contact  .nid  to  persist 
there.)!  ter.  Under  these  assumptions,  stress  and  str.ain  lii  stories  in 
the  vicinity  of  the  interface  could  be  obtained  and  compared  with 
exp(>r imental  evidence  of  bond  development  and  bond  strength.  Details 
of  the  explosive  acceleration  of  the  plate  were  also  simplified  so 
that  both  parallel  and  inclined  j'late  welding  were  represented  by  an 
inclined  plate  with  uniform  velocity.  Representative  plate  velocities 
and  inclinations  were  then  obtained  from  experiment.il  d.at.i. 

The  Vanisliing  I'lement  Tecluiicpie  (VET)  develo[)ed  from  tl’e  model 
retpi  i rements  allowed  use  of  the  finite  element  technique  to  examine 
plate  impact  problems.  As  its  name  implies,  the  VET  is  based  vui  tin 
jihysical  picture  that  air  is  expelled  as  the  plates  come  together  and 
the  element  representing  the  air  thus  "vanishes".  Tlie  manner  in 
which  this  is  achieved  is  outlinoi  in  Figure  47.  This  suhroutine 
was  then  combined  with  an  exist  in)>  inelastic  step-by-step  plane 
str.ain  finite  element  program  developed  by  AJA,  to  produce  E.XWEI.I).  a 
program  applicatile  to  tlie  study  of  plate  impact  and  explosive  impulse 
welding.  The  program  was  then  improved  to  include  ilynamic  material 
properties  and  flyer  plate  acceler.jtion.  The  final  progr.im,  known 
as  WEL1)2,  is  included  in  Appendix  E.  In  the  main  integration  loop, 
till-  lengths  of  tlie  one-dimensional  air  elements  ari>  examined  after 
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<Mrli  i n t t i on  cyclo  (aiivniicc  in  i fine)  to  cnock  tor  t tic  ocourrcntc 

ot  impact.  (impact  i.s  detincj  here  It'  oci  ur  at  liic-  insi.jnt  wiion  t tie 

f 

I a Icn  1 .1 1 i-d  lon>;tli  of  the  one-<l  i r.ions  ioiia  1 clement  first  iiecomr-s  ne>’,.l- 
tive  <ir  zero.  Wlien  Impat  t occurs,  tin-  noii.ii  points  di’finintt  'in 
uppermost  element  in  tiie  bottori  pl.ate  are  renniiihered  in  ‘-licit  .i  wav 
tiiat  at  Lite  point  of  contact  tite  h'wer  pl.ate  share.s  a iiod.ii  point 
witli  tile  top  plate  (Point  2 in  Ki>;nre  47.  for  example)  aft.r  impact. 
Tile  top  and  In'ttom  plate  elements  are  then  connected  and  tite  imp. let 
force  is  transmitted  directly  to  tlie  lower  plate  element.  Tite  air 
element  lias,  in  tliis  sense,  vanislied.  RenumberiiiK  nodal  p<iints  .ind 
elements  in  tills  manner  cltan>>es  tlie  handwidtii  of  tite  system  ol 
etpiations,  usually  resnltin);  in  an  increase.  Tltis  disadvantage, 
iiowever,  can  lu-  minimized  by  a judicious  choice  of  tlie  oiijtinal 
numbering  system  .i.id  can  lie  eliminated  .i  I toitel  lier  in  most  cases. 

2.  f!onst  i ! lit  i VO  _hqnat  ions  for  Aluminum 

Alter  demiinst  ra  t in>;  tliat  tlie  finite  eltmenl  code  willi  Vl.T 
w.is  callable  of  treating;  impact  problems,  efforts  were  directed  toward 
model  inn  the  mecii.inical  properties  of  alnminnni.  The  material  property 
routines  already  ini'.orporatcd  in  the  basic  finite  elonient  computer 
pro);ram  ;i  1 lowed  : 

1.  Tlie  bulk  modulus  to  be  defined  as  a function  of  tlie 

excess  volumetric  compression  p = p/p  - 1 wiiere 

(1 

p = "iirrent  density  and  p^^=  initial  density. 

2.  Ttie  sliear  modulus  to  be  dot  ined  as  a t unction  of  tiie 
current  state  of  stress. 
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i.  A vicld  criterion  to  bo  dof  iiiod  ns  n fnnclioii  ot  t lio 


first  stress  inv.irinnt  (.!|)  and  of  th>  second  invariant 
of  deviator  stress  (1'.^). 

■i . Work-  or  strain-liardeniii}'  rules  to  be  incorporated. 

5.  Ifse  of  eltiier  tlie  Prandtl-Ke’iiss  or  plastic  potential 
flow  roles  to  relate  stress  and  plastic  strain  when 
the  yield  criterion  is  satisfied, 
riiermodynaitiic  and  strain  rate  effects  were  not  accounted  for: 

The  mechanical  behavior  attributed  to  aluminum  is 
analogous  to  that  of  conventional  models  of  elastic-plastic  media. 
In  the  present  model,  however,  the  bulk  modulus  is  a function  of 
the  excess  compression  p.  Tlie  descriptions  of  tiie  bulk  modulus, 
shear  modulus,  yield  criterion  and  flow  rule  for  aluminum  are 
detailed  below. 

Bulk  Modulus: 

The  model  bulk  modulus  is  based  on  Ber^tmann's  (IhbbA) 
hydrostatic  compression  data  for  pre.ssures  between  0 and  100  kb 
and  on  shock  wave  experiments  for  pressures  up  to  1 Mb  (Beigmaiia, 
1966B).  The  empirical  fit  to  data  for  24  ST  Aluminum  (Berpmann, 
196bB) 

I>  = Ap  + Bp^  + Cp^ 

= 76Sp  + 1659p^  + 428p^  kb* 

has  been  adopted  and  differentiated  to  obtain  the  bulk  modulus 

dP  2 

B(P)  = -T^  = 763  + 131H  p + 1284p  kb 

dp 

* 1 bar  = 1 * 0.1  Pascal 

cm 
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Tlif  hyc)r('stat  and  bulk  modulus  arc-  illustral.-d  in  I'imiri.-  UH  tf-r 
compression.  They  are  considered  valid  for  botli  loading  and  iin- 
lo.iding  in  tension  (prO)  or  compression  U)  . An  initial  deiusity 
of  2.7  gm/cm^  was  assigned. 

Shear  Modi  1 us: 

Altliough  some  dependence  of  the  sliear  modul-as  on  pressure 

has  been  observed  (Bergmann,  ]9bbA),  a constant  shear  modulus 

based  on  the  gero  stress  values  of  the  bulk  modulus  B and  Poisson's 

o 

ratio  and  the  linear  theory  of  elasticity  has  been  adopted.  Thus 


G = B 

o 


3(1  - 2v^) 

2(1  + V ) 
o 


(3) 


with  ■ = 0.33  anu  B = 765  kb,  the  shear  modulus  lias  the  value 

o o 


G = 287  kb 


(M 


By  assuming  a constant  value  of  the  shear  modulus,  a variable  Poisson's 
ratio  is  introduced,  which  is  related  to  excess  compression  or  pressure 
t lirough  the  bulk  modulus: 


(5) 
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aiul  oil  shock  wave  cxperinoiits  for  pressures  ii|)  to  1 .‘‘tli  (fier^mann,  IPPiiB) 
Die  empirical  fit  to  vlata  for  J1  SI  Aluminum  (Berpmann,  I'.KitiB). 

1’  = \i.  + H,.“  •■Clf'’ 

= 7o:>,i  * l(.:.‘)p'  > US.  kh  (11 

has  been  ailoptckl  atul  il  i fferent  iat  evi  to  obtain  the  bulk  moilulus 

B(iO  = ~ = 7or>  ♦ .DSIS  lul  t kb  (21 

■Jh 

The  hyJrost.it  atul  bulk  modulus  ;ire  illustrated  in  l ijture  48  for  compress 
ion.  Thi  y ;ire  considered  v.alid  for  both  loading  and  unloading  in 
tension  (i-'OI  or  eomitress  i on  (b^O).  An  initial  density  of  2.7  g.m/cm'^ 
uas  .IS signed. 

Shear  Modulus: 

Although  some  dejtendencc  of  the  shear  modulus  on  pressure  h.is 

been  ob'^erced  (Bergmann,  19()hA)  , a const, mt  shear  modulus  based  on  tlie 

zero  stress  v.-ilues  of  the  bulk  modulus  B and  Toisson's  ratio  and 

o o 

tile  linear  theory  of  elasticity  has  been  .uiojited.  llius 


('.  = B 

o 


3(1  - 2vJ 

:(1  ^ V,) 


(31 


with  V = ()..3.3  and  B = 7(i5  kb,  the  shear  modulus  has  the  \alue 
o o 


i;  = 287  kb  (4) 

By  assuming  a constant  vaiue  of  the  shear  modulus,  a vari.ilDe  I'oisson's 
r.it  lo  IS  introduced  wliose  de[)endcncc  on  excess  com[)ression  or  pressure 
jndie.it  ed  by  that  of  the  bulk  modulus: 


|^.3B  (b)  ♦ G I 


(TD 
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VioUl  liri  tv  noil : 


■I'hc  voTi  viol'!  crit<  rion  Ins  hn-n  .-uloprcil  for  the 

.'iluminuin  nnulel  aiul  takes  the  form 

f = - -X  • n ((,) 

wliere  ' i -•  the  yield  stress  in  sinii'Ii.'  tension  (and  the  assuini'u  yield 
stress  in  siiiij'ile  compression). 

leinperat  ure  and  strain  rate  effects  on  the  yield  stress 
are  not  considered.  'Hie  yield  stress  value  obtained  from  static  room 
t emper.'it  lire  .iiea  su  remen  t s for  J4  .Sd  .a  1 iimi  niim , 0^  = 2,9  is  used  and 

till-  forimil.it  i on  of  the  [ilastic  [lotenti.il  flow  rule  is  used,  altliough 
when  tlie  von  Mises  yield  iriterioii  is  used  the  same  results  are 
obtaiiu'd  witli  the  I’randt  1 -Reuss  formultit  ion. 

Several  runs  of  the  hi  Lbd  projiram  were  made  usiiu’  e.xiic  r i ment  a 1 data 
to  determine  a[iproi)ri  ate  flyer  jilate  velocities  and  acceleration. 

Represent  ;it  i ve  plot;  of  the  flyer  plate  bottom  'pressure,  base  pl.itc 
toil  pressure  and  interface  posit  iein  obtained  from  hid. 1)2  analyses  are 
shown  in  I ii;ure-s  -Id  through  5 1. 

b.  /\n;i  1 y_t  i ca  1 Simulatio'i  of  liver  I’ltite  Dynamic  Res[iunse 
I.  Dynamic  liejuilibrium  Model  ( I.  i lulbergh  , 1U“.5) 

Description  of  the  flyer  plate  acceleration,  velocity  and 
position  under  expleisive  loading  are  essential  to  the  understtuuling 
of  the  I.IW  process.  \s  described  elsewhere  in  this  reiiort  , there  is 
considerable  evidence  that  bond  strength  is  related  to  collision  velocity. 
It  is  therefore  dcsiraiile  to  be  able  to  predict  collision  velocity 
for  a given  jilate  and  ex()losive  loading  so  tliat  proper  conditions 
may  be  selected  for  welding.  One  model  wliicli  predicts  acceleration. 
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volocity  and  d i sp  1 aci'mi.‘nt  of  the  flyer  plato  is  fh.it  developed  by 
I.indhiTp.h  (1971). 

Tile  model  .issumos  an  explot.ive  jires.sure  [mltie  as  sho^'n  in  Figure 

32.  The  qu.iiUities  p , t .lad  .ire  as.snmed  Lo  be  related  to  the 
' 'or 

delon.'U  ion  veloeity,  0,  in  suidi  a manner  that  the  impulse  delivered 
to  e.ieii  element  is  a constant. 

The  flyer  plate  is  modeled  as  a series  of  indepeiuient  elements, 
each  ot  whirl)  is  assumed  to  be  in  dynamic  equilibrium  when  acted 
upon  by  thi-  pressure  pulse  and  inertia  (FiRure  53).  Internal  plate 
foriis  are  not  considered  to  be  significant.  The  following  difter- 
enti.il  eipiation  is  developed  to  describe  plate  motion; 


y (t)  = 


(,h 


1 - 


ID 


2 


F(t) 


where  vft)  = plate  acceleration 

y = p late  veloc i ty 

,j  = plate  density 

h = plate  thickness 

!)  = explosive  detonation  velocity 

P(t)  = explosive  pressure 

The  equation  was  numerically  integrated  for  v.irions  assumed 
detonation  velocities,  including  variable  velocities,  and  the  results 
compared  with  those  from  the  WELD2  finite  element  solution  previously 
described.  The  simplified  model  compared  very  favorably  with  the 
complex  model  in  predicting  flyer  plate  response  (Figure  54).  The 
predicted  plate  deformations  for  three  assumed  detonation  velocity 
profiles  are  shown  in  Figures  55  a,  b and  c. 
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j.  An!l;.'sis  i>f  I.ASL  Fr.iniiiis  Caraor.i  Vel'c  i ty  Jata 
Diiriiu’,  t.  tu’  siinini-i  ol  1‘171  cxplusiva  Wi  liiinn  tests  iisin>;  'lOAl-I'*) 
iluniiniin;  aiui  Juponl  AO'  Ked  Cross  Kxtra  C.ramilar  Dynanit.e  were  condiic  t i*i| 
at  Che  (..VX-fi  Division  nt  the  I.os  Alamos  Sc  ienLifio  Laboratory.  New  Mexino 
(i.ASI.),  under  a eooper.i I i ve  arrai4;emenl  beLweeii  L’SAFA  and  LA.SI,.  'Ihese 
tests  havi'  been  di’ScribeJ  in  detail  bv  [ Sl'TTOS  (l‘)71))  and  [I.  NotiLKOlI 
M97  It  j. 

liie  purpose  ol  tile  i.ASi,  tests  was  to: 

(1)  oi)tain  ilyer  plate  impact  velocity  data  tor  i-'.Telat  ion 
witii  bond  tisisile  strength  data,  and 

(7)  obtain  flyer  plate  I’on t i gu ra t i on  data  for  use  in  an  analytical 
description  of  flyer  pl.ite  response. 

fable  19  summarises  the  IASI,  test  which  were  conducted  in  three 
tuiv  i ronment  s : atmosptuM' i c , int'ri  gas  (helium)  and  vacuum.  Flyer  and 
base  pl.ites  wire  all  ()  IN  wide  aitd  12  IN  long,  and  the  dynamite  packing 
density  w.is  1.25  C./CC.  Ihe  density  of  bObl-Tb  aluminum  is  2.71  (l/CC. 
li>;ure  t>5  shows  the  test  setup  for  the  final  atmospheric  series,  which 
proved  to  lie  the  most  sa  t i s f ac  to  ry . 

Since  .1  traming  earner. i was  used  throughout  the  I*(\SL  les-ts,  an  ideal 
opportunitv  presinted  itself  to  investigate  whether  the  ste.idy  state 
.issumpt  ion  of  efpi.il  deton. ition  and  collision  point  volocities  fLIN'DBLRt.l! 
(1971,9)1  it’  accurate.  The  investigation  was  begun  by  projecting  the 
15MM  framing  camer.i  slides  obtained  at  A p SFIC  intervals  during  each  slun 
[ 1. 1 NDliKRC.il  (1971,  281)  on  a sheet  oi  white  p.iper  271N  x 12IN,  and  tracing 
successive  outlines  of  the  detonation  front  and  flyer  plate  bottom  surface 
conf igur.it  ions.  The  projections  are  shown  in  Figures  56  through  SA.  The 
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Krid  linos  on  .1  si.iLionary  pl.isLic  strip,  locaiod  in  IrcjiU  of  I'no 


ntainl-oif  sp.u'o  , voro  also  Lr.irod  and  usod  for  ri  ioronoo  and  scalo. 
(xmviMi  i L>nt  ol  oval  ions  woro  solorloti  al  wlilcdi  to  dolormint'  the  di’to- 
nai  ion  t ronl  and  (Ivor  plalo  positions.  Tho  dolonalion  and  collLsitni 
point  volooilios  wore  then  taloulatod  usin)’,  linear  roKtession  [llOtd, 
(1Vj4,  ll'ti)].  IBK.NMAMIN  CfiRNFld.  (1970,  428)  J . Tables  lo  through 
07  contain  tho  tabulated  detonation  front  and  flyer  plate  position 
data,  .and  Figures  8a  through  1 14  contain  plots  of  the  sane  raw  data 
and  tho  fitted  straigiit  linos.  llio  associated  velocities  art  .shown 
in  botii  tho  tables  and  figures,  and  are  summarized  in  Table  b8. 

Alter  excluding  shots  1270  and  1274  because  collision  vi’locitv 
wa,.  not  measured,  and  shots  1282,  128.1,  1284  and  1284  because  of 
pt)or  gu.ility  data  (see  Figures  87,  88,  89  and  70),  a liutiTir 
regression  un.ilysis  was  performed  on  the  data  for  tin-  remaining  2f 
shots.  The  purpose  of  the  analysis  was  to  determine  whether  detona- 
tion and  collision  point  velocities  were  about  ecpial.  The  average 
of  the  collision  point  velocities  differed  from  the  average  of  tile 
detonation  velocities  by  only  0.49  percent.  The  plot  of  lollision 
point  vilocity  VKRSb'S  detonation  velocity  in  Figurt-  1 J4  indu-ates 
that  the  assumption  of  equal  collision  point  and  detonation  velocities 
for  parallel  plate  explosive  welding  configurations  is  indeed 
reasonably  accurate. 

Finally,  the  relation  between  explosive  loading  and  detonation 
velocity  was  investigated,  using  the  average  detonation  velocity 
for  each  of  the  three  explosive  loadings  employed.  Referring  to 
Table  68,  the  following  re.sults  were  obtained; 
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Explosive 

Detonation 

Number 

Load ing 
C/IN^ 

Veloci ty 
IN/pSEC 

of  Shot 

10 

0. 11703 

13 

12 

0.  12160 

3 

14 

0. 12017 

4 

In  general,  the  detonation  velocity  appears  to  have  increased 
slightly  with  explosive  loading. 
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Figure  57.  Fraining  Camera  Projection  LASL  1269 
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P'iXlire  '59.  Kramiiig  Camera  Projection  LASL  1.271 


Figure  fiO.  Framing  Camera  Projection  LASL  1273 


157- 


Figure  61.  Framing  Camera  Projection  LASL  1274 


Figure  62.  Framing  Camert  ’’rojectlon  LASL  1277 
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Figure  64.  Kr.ining  C.ainera  Projection  I.ASI.  1279 
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Figure  ^5.  Framing  Camera  Projection  Ij\S1.  1280 
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Figure  73.  Framing  Camera  Projection  I.ASL  1317 
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Figure  81.  Framing  Camera  Projection  1324 
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Figure  82.  Framing  Camera  Projection  IJVSI.  1325 
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*z  = scaleJ  distance  on  framinR  camera  slide  projection 
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Calculated  Velocity  V = Q.OQJll  in/psec 


*z  = scaled  distance  on  framing  camera  slide  projection 
•*y  = actual  distance 


Calculated  Velocity  ~ **•  ■^*^-^-**'  in/psec 
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lAlil.K 


SHOT  MIMRI-.R  I.ASI,  !JM  I SCAI.Fi  FAfTOR  l.H/l.d 


MFA,SllRi:MF;NT  I'oton.Uion  Front 


FR/\Mi: 

t (ii  sec) 

1 z»  ( in)  1 y**  ( in ) j 

I 

0 

0 

1 

■» 

4 

0.9:, 

0.55 

H 

2 . 95 

1 .()4 

4 

i: 

4.55 

2.42 

5 

U) 

5 . ()() 

5.11 

() 

20 

iuppap 

4.08 

7 

24 

4.85 

8 

28 

9 . 70 

5.59 

9 

52 

11.05 

(..14 

10 

3() 

12.50 

().94 

' 

V 


*z  = sealed  nistance  on  framing  camera  slide  projection 
**y  = actual  distance 

Calculated  Velocity  = 0.111197  Ln/psec 
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TABI.K  ‘4  5 


SHOT  NHMlHiR  I ASI,  IJSi SCAiT-.  I-ACTOR I .8/1 .0 

MTASimi:MFVl'  Fiver  I'liitc 


*z  = scaled  distance  on  framing  camera  slide  projection 
**y  = actual  distance 

V.  --  0.12271  in/psec 

Calculated  Velocity  C 
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lAHl.K  44 


SHOT  NUMRLR  I.ASI,  1 J.sr. SCAI.i;  l-AtTOk  l.S/l.n 

MI;ASIIRI.MI',NT  Itctunat  um  I rout 


*z  = scaled  distance  on  framing  camera  slide  projection 
**y  = actual  distance 

Calculated  Velocity  V,,  = 0 .18597  in/iisec 
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TAlil.K  U'-> 


SHOT  MIMBI'R  I.ASl.  IJH:' SCAl.i;  fACTOK  I.K/l.C 

MliASlJRi-.MI'.NT  l lycr  I’l.Hi 


*z  = scaled  distance  on  framing  camera  slide  projection 
**y  * actual  distance 


Calculated  Velocity  V^,  - ().l02t>->  in/yisec 
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TAiM  I- 


SHOT  MIMRflR  l.\SI.  IJSi) SCALP  FACTOR  1.8/1 

MhASimPMF.NT  Dt-toii.if  ion  Front 


t (u  sec) 

z*  (in) 

y**  (ini 

■b 

0 

0 

0 

4 

0.(.0 

0 . 5 5 

s 

8 

1 .4.5 

0.81 

4 

12 

2 . ,55 

1.51 

.S 

1(1 

5.10 

1.72 

() 

20 

5.00 

2.17 

7 

24 

4.45 

2.47 

•S 

28 

5 . 50 

5.10 

0 

.52 

7.('0 

5.88 

1(1 

:’.80 

4.55 

1 1 

40 

8.80 

4 . 88 

12 

44 

10.00 

S . S 

IS 

48 

1 1 .00 

0.11 

i 4 

11.80 

0 . 55 

15 

5() 

15.25 

7 . .St> 

|{. 

00 

14.55 

8.08 

17 

04 

15.40 

8.55 

18 

08 

1 0 . (lO 

0.22 

. 

*z  = scnled  distance  on  framing  camera  slide  projection 
**y  * act’jal  distance 

Calculated  Velocity  ~ in/asec 
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rAIU.K  ''•7 


‘^HOT  MIMRt;R  l.ASI,  12Hi, SCALh  rAl'TOR 

MHASURIMINT  i-lvt-r  I’ late 


*z  = sealed  distance  on  framing  camera  slide  projection 
**y  = actual  distance 


Calculated  Velocity  V^.  0.13808  in/u:^ec 
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•I'AIll  K 


.9H0T  NUMBF.R  l.ASl,  1 .S  1 J ^SCAl.E'.  TACl  0R_ 

MF:ASURI  M[;N'I  Dot  on.it  i (ill  l-roiit 


t (D  sec) 

z*  fin) 

1 y*  * ( in  ) 1 

0 

0 

r - 1 

4 

1 .00 

0 . .S 1 

■1 

8 

1.55 

0.48 

5 

12 

2.55 

0.80 

(i 

1(1 

.5.45 

1 .08 

7 

20 

4 . 70 

1.47 

8 

24 

6.40 

2.00 

0 

28 

7.55 

2 . 5() 

10 

82 

9 . 1 5 

2 . 86 

1 1 

5t) 

10.85 

5 . 59 

12 

40 

12.25 

5.85 

18 

14 

15.50 

4.22 

M 

4 8 

1 1 . 75 

4.61 

18 

52 

16.40 

5.15 

1() 

56 

1 7 . 90 

5.59 

17 

60 

19.15 

5.98 

18 

64 

20.50 

6 . 51 

19 

68 

22.20 

6.94 

20 

72 

25.95 

7.48 

21 

76 

24.95 

7.80 

*z  = scaled  distance  on  framinir  c imera  slide  projection 
**y  = actual  distance 

Calculated  Velocity  - D.IDtWt''  in/,  sec 
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TAHl.K 


9(101  MIMBI'.K  I.ASi  I .% ! J SCAI.C  (AnOB  A.. ?'(.(' 


MLASURI-.Ml.NT  (Mvt-r  (Mali- 


t (u  sec) 

f (in) 

y* **  (in) 

9 

0 

0 

10 

1 

1 .40 

n.ii  1 

1 1 

8 

2 . 6.S 

\ 

0.83  1 

12 

12 

3.63 

1.14 

1 ^ 

16 

ig^B 

1.6  1 

14 

20 

2.11 

IS 

24 

9 . 00 

2.81 

16 

28 

10.13 

3.  C 

1'' 

32 

11.45 

BOH 

18 

36 

1 3 . 00 

■mQBB 

19 

40 

13.93 

1 . 3<> 

20 

44 

13.23 

4."" 

21 

18 

16.73 

— 

*z  = scaled  distance  on  framing  camera  slide  projection 

* *y  = actual  distance 

Calculated  Velocity  V^  = (1.11102  in/ psoc 
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I 


J 


TABl.K  5i' 


•SHOT  NUMBfK  IASI  I SI  7 _SC\l.f  I ACTOK v ,7  I . (I 


SlHASURI-.Ml  N r DetKiiat  loii  I roi-.t 


FRAMl- 

t (u  sec) 

[ z*  1 ml 

[">■**  (in) 

0 

L ..  . . 

L.  

■1 

4 

' 

1 I.OS  1 0.44  1 

r. 

8 

2.. SO 

o.-s  ! 

<y 

12 

4.24 

1 . 02 

7 

l(> 

4.14 

1 . .40 

R 

2(' 

:» . %(> 

\ .(!<» 

P 

24 

1 . 89 

IP 

28 

7.11) 

->  •»  "> 

I 1 

.42 

S.po 

2.41' 

i: 

.4(1 

0.4S 

2.95 

l.S 

40 

10.  70 

4.44 

14 

4 1 

12.40 

.4.87 

IS 

48 

1 1 . 04 

1 . 49 

I() 

.42 

1 4 . 30 

4.78 

1" 

S() 

17.24 

4 . 49 

18 

^ <’0  ... 

19.00 

4.94 

IP 

(.4 

40 

6.4  1 

20 

08 

6.89 

21 

■> 

EB 

7.41 

■’(i 

24.40 

7 . 6.4 

^nmn 

BBBB' 

HHI 

*z  = scaled  distance  on  framing  camera  slide  projection 
**y  = actual  distance 

Calculated  Velocity  ~ iii/usoc 
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TAIU.K  'il 


SHOT  NIIMRF.R  l.ASI,  I .A  I 7 ^SCAIJi  I- ACTOR  -vJ/I.H 

MnASURl.MF.NT  Mycr  I'laU-  


FRAMT. 

t (u  sec) 

2*  f in  1 

r*  " 

y**  (in) 

!> 

il 

0 

0 

1 

1 .05 

0.55 

- 

H 

5.20 

1 .00 

H 

12 

•1 . 25 

1.55 

\) 

If) 

0 . 05 

1 . 89 

in 

20 

7 . 50 

2.28 

“i 

1 1 

2 1 

8.15 

2.55 

12 

28 

8 . 95 

2.  SO 

15 

52 

1 1 . 00 

5.11 

11 

50 

1 2 . 50 

5.84 

IS 

.10 

1 5 . 70 

4.28 

!(. 

M 

1 5 . 00 

4 . 09 

17 

■IS 

1(>.55 

5.17 

IH 

52 

17.00 

5 . 50 

1!) 

So 

18.95 

5.92 

20 

00 

19.95 

0.25  1 

21 

(vl 

21.50 

0.T2 

22 

()8 

25.00 

7.58 

*z  = scaled  distance  on  framing  camera  slide  projection 
**y  = actual  distance 

Calculated  Velocity  V^.  = 0 .11)528  in/psec 
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TABI.r.  ')2 


SHOT  NlIMRf-.R  I.ASI,  l.Sjn  SCAIT-;  FAC  TOR  ^.0/1 .0 


MI-ASURl.MF.NT  DoLoii.it  i on  I'ront 


FRAMi; 

t (u  sec) 

[ :•  (in)  ^y**  (in) 

1 

0 

0 

0 

4 

('.90 

0.30 

K 

2 . 30 

0. 7(> 

■1 

12 

7t 

1.12 

s 

U) 

4 . 95 

I . t>5 

20 

(' . 93 

2.32 

24 

8.25 

2.  ~5 

H 

28 

9.75 

3.25 

s 

32 

11.10 

3."0 

11) 

3(- 

12.25 

4 . 08 

1 1 

10 

13.90 

4 . 

1 J 

4 : 

It..  00 

S , 7>  Ti 

h- 

*z  = scaled  distance  on  framing  camera  slide  projection 
**y  = actual  distance 

V = O.IJMH  in/iisec 

(!al dilated  Velocity  0 
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I \B1,K  '■>  ' 


SHOT  NUMIll.K  :.ASI.  1 ^SCAI.H  i-ACTOK  3,0/1  .0 

MliASURTMLNT  Mvor  I'lat.-  


*2  = scaled  distance  on  framing  camera  slide  projection 
**y  = actual  distance 


Calculated  Velocity  V^.  = H-lSyS*.)  in/psec 


-2i/- 


*z  = scaled  distance  on  framing  camera  slide  projection 
**y  = actual  distance 


Calculated  Velocity  V^.  = 0.10()48  in/usec 
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TABI.i; 


SHOT  MIMBLR  l.ASI,  SCAI.I-.  I- ACTOR  l.S/l.O 

MTASURIiMI'NT  Detonation  I ront 


TRAMi: 

t (D  sec) 

z*  (in) 

y* * (tn) 

■> 

0 

0 

0 

1 

! .OT 

0.55 

•1 

s 

2.  IT 

1 . 1,5 

s 

T.  20 

1 .()8 

() 

lo 

T.OS 

1.92 

7 

20 

■1.00 

2.11 

S 

2.1 

■1 . 8.T 

» . .1 

0 

28 

•T.  7.T 

5.02 

10 

7)2 

0.  "O 

5.52 

1 1 

3 Cl 

7.70 

■1. 05 

i: 

•to 

8 . TO 

munniiil 

IT 

■M 

9.  IT 

11 

■18 

10.25 

IT 

T2 

1 1 . TT 

5.97 

U> 

T() 

1 2.00 

(> . 52 

17 

()() 

1 .5 . 1 0 

(. . 89 

*z  = sealed  ilistancc  on  framing  camera  slide  projection 
**y  = actual  distance 

Calculated  Velocity  . o.lUi:.  iii/uscc 
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rAHLK  5'^ 


.SHOT  NUMBTK  l.ASI,  l.^JS ^SCAI.T  F 

MtASimi^MFNT  I 1 v,.r  Plate 


FRAMl: 

t (u  sec) 

mioii 

) 

0 

1 

1 

.> 

4 

Bn 

II 

■1 

8 

1 .().7 

5 

12 

2.. 8 .8 

() 

1(. 

,3 . .80 

7 

20 

4.2.8 

8 

24 

5 . .80 

9 * 

28 

0.28 

10 

.82 

7.20 

*z  = scaled  distance  on  framing  camei 
**y  = actual  distance 


Calculated  Velocity  ~ 


-22^- 


i . S/ 1 . 0 


fin) 


0 . 2‘.) 


0.87 


1 ■ .T-l 
1 .8.1 


2 . '0 

.%.  7‘.) 


1 


ra  slide  projection 


in/psec 


l AHI.i'  6(1 


SHOT  Nl)MRr:«  l.ASl.  l.^J  l SCALE;  I ACTOR 2.8/!  -O 


MLASURI'MLNT  ;)ft  onatioti  I ron! 


frame; 

t (ii  sec) 

7.*  (in) 

r~y* * ( in ) I 

1 

0 

0 

{) 

“> 

1 

1.15 

0.4  1 

8 

2.05 

0.78 

1 

12 

.8.05 

1 . 09 

.> 

1() 

4.05 

I .45 

(> 

20 

5.20 

1 S(i 

7 

2 1 

() . 65 

2 . 87 

,S 

2H 

7.75 

2.77 

9 

82 

9.50 

10 

I 1 .45 

1 1 

40 

12.70 

4.54 

1.’ 

4 1 

14.10 

5.08 

IS 

48 

1 5 . ()5 

5 . 59 

11 

52 

16.80 

6.00 

IS 

5(1 

18.15 

6.48 

1(. 

60 

19.40 

().98 

! " 

64 

20.50 

7.82 

IH 

()S 

21.80 

7.78 

19 

72 

22.85 

8.  1(1 

20 

76 

24.25 

8.6(1 

21 

80 

25.  10 

8 . 96 

*z  = scaled  distance  on  framing  camera  slide  projection 
**y  = actual  distance 

Calculated  Velocity  = (1.1175H  in/psec 
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scaled  distance  on  framing  camera  slide  projection 
actual  distance 


/•I  1.111  . , V,  = 0. 11806  in/pscc 

(.alculated  Velocity  ; 


t ak:  I- 


•SHOT  N'JMBI.K  !.ASI  1 v'  ■ SCAI.t-  I'ACTOK  J.'J/l.ll 

MLASLJRl.Ml.Nl  Dot  un.it  i mi  i runt 


FRAMl. 

t (u  sec) 

I*  (in) 

y**  (in) 

1 

0 

0 

0 

j 

1 

1 ..50 

().4S 

. 

7) 

8 

2 . 1 5 

0.74 

4 

12 

2.75 

0 . 95 

.S 

lb 

.5.55 

1.22 

() 

20 

4 . 50 

1 .55 

7 

24 

5.50 

1 . 90 

« 

28 

b..50 

2.17 

9 

.S2 

7.75 

2.(>7 

10 

7>U 

8.90 

5.07 

1 1 

40 

10.15 

5.50 

12 

44 

11.10 

s . s s 

l.S 

4 8 

12.95 

4.  lb 

14 

52 

1.5.90 

4 . 79 

15 



So 

1 5 . 70 

il 

lb 

bO 

17.00 

5 . 8(. 

17 

b4 

1 8 . .50 

() . 5 1 

18 

b8 

19.70 

b.~9 

ID 

72 

2 1 . 00 

7.24 

20 

7 b 

22.40 

7 71 

*z  = scaled  distance  on  framing  camera  slide  projection 

**y  - actual  distance 

Calculated  Velocity  ~ ***-"'^  in/psec 
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•*y  = actual  distance 


Calculated  Velocity  V,.  - l).  12011  in/usoc 


-227- 


I 


TAKI.i;  *>'* 


■SHOT  NUMFiF.K  IASI  l.SJS ^SCAI.I'.  I ACTOR J.'>/l  ■') 

MFASURI  MI;NT  Dot  oii.it  i on  IT  oiit 


*z  = scaled  distance  on  framing  camera  slide  projection 
**y  = actual  distance 


Calculated  Velocity  = n il<.7fi  in/|.s.-c. 
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*z  - scaled  distance  on  framing  camera  slide  projection 
**y  = actual  distance 


Calculated  Velocity  = 0.12501)  in/psec 


I 


TAIU.i'.  hh 


SHOT  NOMBF.R  , ^SCAI.E  f- ACTOR  .^.4/1 .0 

MHASURI  MliNT  Dft  onat  loit  I rotU 


FRAMi: 

t (u  sec) 

z*  (in) 

y (in) 

1 

0 

0 

r 

1 0 

. 

4 

J . (>."1 

1; . 78 

0 

s 

4. 2.1 

1 . 2.1 

4 

^SS 

■HHi 

1 .81 

s 

lllilHBH 

2.84 

/ 

I0.(..s 

.1 . 1 .1 

8 

28 

1 2 . 80 

.1. 7(, 

y 

■>2 

14.20 

4.18 

•z  - scaled  distance  on  framing  camera  slide  projection 
**y  = actual  distance 

Calculated  Velocity  = 0.12('H8  in/usec 


-210- 


TAI5I.I'.  fi7 


SHOT  NUMRI-.R  I ASI.  1R(.: .SC.ALT.  rAOTOK  .S  . 1 / ' . Q 

Mr.ASURl.MTNT  river  IM.it  e 


*z  = sc;»led  distance  on  framing  ctimera  slide  projection 
**y  = actual  distance 

Calcultited  Velocity  V^.  = f).127S9  in/iisec 
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DISTAMCE,  Xp  (INCHES) 


LASL  1268 

FLYER  PLATE  POSITION 


-23:- 


LASL  1269 

FLYER  PLATE  POSITION 


TIME,  t,  SEC) 

Figure  88 


-2  35- 


DISTANCE,  Xrv  (INCHES) 


LASL  1270 

DETONATION  POSITION 


TIME,  t (fi  SEC) 

I-'igui'f  89 


-2  36- 


- -I 


DISTANCE,  Xr,  (INCHES) 


-237- 


LASL  1281 


DISTANCt  Xn  (INCHES) 


LASL  1273 

DETONATION  POSITION 


TIME,  t SEC) 
Figure  92 


-2  39- 


DISTANCE,  Xp)  (INCHES) 


LASL  1273 

FLYER  PLATE  POSITION 
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TIME,  t,  (m  SEC) 

I'igurf  94 


-24  1- 


DISTANCE,  Xp  (INCHES) 


-24.!- 


DISTANCE,  Xp  (INCHES) 


LASL  1277 


TIME,  t (fj  SEC) 
Fi^;ure  9 6 


-24  3- 


LASL  1278 

DETONATION  POSITION 


DETONATION  VELOCITY 
Vr,  = 0.15275  IN/ii  SEC 


DISTANCE,  Xp  (INCHES) 


LASL  1278 

FLYER  PLATE  POSITION 
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DIST  AISJCfc.  Xn  (INCHES) 


I 


7 


LASL  1279 

DETONATION  POSITION 


r. 


b 


3 


DISTANCE,  Xp  (INCHES) 


0 10  20  30  40  50 

TIME,  t SEC) 

Figure  100 
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DISTANCE,  Xn  (INCHES) 


LASL  1280 

DETONATION  POSITION 
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DISTANCt,  Xp  (IMCHtS) 


I 

LASL  1 280 

FLYER  PLATE  POSITION 

i 

I 

* n 


TIME,  t (p  SEC) 
Fi^urf  102 
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DISTANCE,  Xn  (INCHES) 


LASL  1281 

DETONATION  POSITION 


TIME,  t (|i  SEC) 
Figure  103 
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DISTAMCE,  Xp  (fMCHES) 


LASL  1281 

FLYER  PLATE  POSITION 
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TIME,  t {,j  SEC) 
!•' i 105 


DISTANCE.  Xp  (INCHES) 


LASL  1282 


I'U!Ui('  10  El 
-2ijT- 


DISTANCE.  Xn  (INCHES) 


LASL  1283 


1 


= 0 12691  IN//J  SEC 


0 r- 

0 10 


1 1 1 1 1 

20  30  40  50  C'O 

TIME,  t (jj  SEC) 

Figure  108 


-255- 


DlSTAMCt  Xp,  (INCHES) 


LASL  1284 


TIME,  t (p  SEC) 
E'  i y,  u r i'  10  '< 


1 

1 


LASL  1284 

FLYER  PLATE  POSITiON 


COLLISION  POINT  VELOCITY 
Vp  = 0.12271  IN//J  SEC 
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LASL  1286 

DETONATION  POSITION 


c/5 

•Li 

G 

e 


Q 

X 

LU' 

O 

e 

< 

o 


TIME,  t SEC) 
Figure'  113 


-2C>0- 


DISTANCE,  Xp  (INCHES) 


LASL  1286 


A 


DISTANCE,  Xn  (INCHES) 


LASL  1312 

DETONATION  POSITION 


TIME,  t SEC) 
Figure  113 


-2 


LASL  1312 

FLYER  PLATE  POSITION 
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LASL  13i7 

DETONATION  POSITION 


o 


DETONATION  VELOCITY 
Vp,  = 0.10237  INZ/i  SEC 


TIME,  t (/-  SEC) 
Kipurc  118 


DISTANCE,  Xn  (INCHES) 


LASL  1320 

DETONATION  POSITION 


riMr.  t (/I  SEC) 
!•'  i ' 1 r c-  121 


- .’f.  fi- 


DISTANCfc.  Xp  (INCHES) 


LASL  1321 

FLYER  PLATE  POSITION 


r 

I 


TIME,  t ill  SEC) 
I’ip.ure  122 
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A047  955 


UNCLASSIFieO 


FRANK  J SEILCR  RESEARCH  LAS  UNITED  STATES 
EXPLOSIVE  IMPULSE  HEL01N5.  VOLUME  I.(UI 
77  0 H MERKLE*  5 E CANNON 

FJSm.-TR-77-OOll-VOL-l 


AIR  FORCE  —ETC  F/5  13/5 


NL 


40=5 


1847956 


DISTANCE.  Xp  (INCHES) 


8 


LASL  1322 

FLYER  PLATE  POSITION 


0 


DISTANCE.  Xn  (INCHES) 


LASL  1323 

DETONATION  POSITION 


TIIVIE,  t (/j  SEC) 
Figure  125 


-272- 


distance  Xp  lINCHESI 


LASL  1323 

FLYER  PLATE  POSITION 


-m- 


0 10  20  30  40  50  60  70  80 

TIME,  t SEC) 

Figure  127 

-274- 


DISTANCE,  Xp  (INCHES) 


LASL  1324 

FLYER  PLATE  POSITION 


10  20  30  40  50 


TIME,  t (m  SEC) 
Figure  128 


-275 


LASL  1325 

DETONATION  POSITION 


Fii-ure  129 


-27b- 


LASL  1325 

FLYER  PLATE  POSITION 
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LASL  1328 

DETONATION  POSITION 


-278- 


o 


CM  ^ 

(S3H3NI)  ‘^X  '30NVlSia 
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TIME,  t,  SEC) 

Figure  133 
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DISTANCE,  Xp  (INCHES) 


LASL  1362 

FLYER  PLATE  POSITION 
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t.  Aii.ilvsis  ol  Kl.ish  X-Rav  Dat.i,  I.ASI..  i)K  I arKt  I '^AKA 


riu-  l.ii't  th.ii  Jflonat  U'li  vflociiv  .mj  collision  point  vi  io.  ity  ar^  , 
at  loa't  on  tho  aviTap.c,  .ipprox imat i- 1 o<)ii.il  f«>r  parallel  p!it.  voliln.', 

> i>nt  iunrat  ions  sukkosLs  titat  Iho  parallel  plate  explorive  w.  ldin;;  process 
can  bo  viewed  as  a steady  state  proiess.  In  this  case  tlie  lietonition 
vi'locity  is  assnmisi  constant  and  the  vt-rtical  displacenetil  of  a point  on 
t lie  fiver  pl.ite  depends  only  on  how  lar  that  point  is  behind  the  detona- 
t ion  front,  as  shown  in  FIr*  136.  Tlie  steady  state  analysis  assumes  that 

y = f (7.)  = f (Vjjt  - x)  (1  ) 

K<|iiatioTi  (1)  indicates  that  an  instantaneous  flyer  plaii  coni  iRiirat  ion . 
such  as  that  shown  in  a flash  X-Ray,  should  have  the  same  shape  i-xcept 
tor  the  X axis  scale  as  a plot  oi  y VKRSIIS  t for  a single  point  in  the 
fivi-r  pl.ite.  Tiierefore  a flyer  plate  pos  i t ion-t  ime  curve  should  be 
const  ructable  from  a single  flash  X-R,iy  photograph  and  the  value  o!  Liie 
corresponding  detonation  velocity. 

lor  the  I.ASI.  shots  detonation  velocity  w.is  obtained  from  successive 
framing  camera  photographs,  using  1 ine<ir  regression  as  previously  described. 
For  the  DRI  and  USAFA  shots  detonation  velocity  was  measured  directly, 
using  a continuous  writing  probe,  as  described  in  Section  illH.  Fa  ale  69 
summarizes  the  DRI  shots  and  Table  70  summarizes  the  USAFA  shots  for  which 
detonation  velocity  was  measured.  The  original  log  books  tor  all  USAFA 
shots  were  on  file  in  the  Department  of  Civil  Engineering,  Engineering 
Mechanics  and  Materials  (DKCEM)  at  the  United  States  Air  Force  Ac.ademy 
when  this  report  was  written.  Fig.  137  illustrates  how  detonation 
velocity  was  calculated  from  the  oscilloscope  trace  produced  by  the 
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PUl  SIUII.S  SUMMARY 
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l.oadinv. 

Thickness 

Dist.ince  f 

Cl/  111“ 

in 

\ 

4 

12 

1/4 

i/«  fc 

12 

1/4 

1/2  1 

4 

8 

1/4 

1/2  i 

8 

1/4 

1/2  1 

u 

8 

1/4 

1/4  j 

/ 

8 

1/4 

1/8  ! 

K 

8 

1/4 

1/8  1 

P 

8 

1/4 

1/1  B 

10 

12.8 

1/4 

1/R  1 

1 I 

12 

1/1 

1/8  f 

12 

12 

1/4 

1/4  i 

12. 

12.3 

1/4 

1/4  1 

1 t 

12 

1/4 

1/2  S 

i;> 

12 

1/1 

1/2  i 

10 

12 

1/4 

1/8  g 

17 

10 

1/2 

1/4  § 

IS 

10 

1/2 

1/4 

IP 

10 

1/2 

1/2 

20 

10 

1/2 

1/2 

22  + 

14 

1/2 

1/2 

27 

10 

1/2 

1 

24* 

10 

1/2 

1/2 

27* 

14 

1/2 

1/2 

2(> 

14 

1/2 

1/4 

27 

10 

1/2 

1 

28 

14 

1/2 

1/1 

2P 

14 

1/2 

1 

70 

14 

1/2 

_i 1 

+ There  was  no  shot  21 
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-286- 
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FiRwre  1 37 

CAIj^in^ATKIN  iH'  ^DNATU^N  VKLOCITY 
FROM  CONTINUOUS  WKITINO  VKLOCITY  JlK'UiK 
OSCILLOSCOPE  TRyXCE 


/ 


Vertical  Scale: 
Horizontal  Scale: 


1 cm  = 25 
1 era  = 10  p sec 


Velocity  Cage  Resistance  = 86.6  iVft 
Detonation  Velocity  Calculation: 


(12.0)(2.54) 


■0) 


cm/pscc 


V 


Tkl 
8 


colU  imums  writing;  pr4>bo.  T.ibto  71  lont.ilns  dfLon.il  Ion  volocity  li.iia 
for  both  tiu'  DHI  and  I'SAFA  shots. 

Convorsion  of  an  instantanfoiis  flyer  plate  configuration  in  a I lasli 
X-Kav  photo>;raph  tf’  a position-time  curve  was  acci>mp  1 isheil  using  llie 
following  procedure: 

1.  The  flyer  plate  configuration  was  digitized  by  measuring  llie 
vertical  displacement  at  1cm  horizontal  intervals  on  the  photograph. 

Till'  manu.il  digitizer  employed  .illowed  the  photogiaph  scale  factor  (ratio 
of  actual  standoff  distance  to  scaled  standoff  distance  on  t tie  photograpfi) 
to  he  incorporated  into  the  vertical  reading  (y),  but  not  into  the  hori- 
zontal reading  (x). 

2.  A five  column  table  was  constructed,  with  x entered  in 
column  1 and  y entered  in  column  4. 

3.  The  photograph  scale  factor,  i,  was  calculated  from  the 

f o rmu 1 a 

^ = T.  (1) 


s = actual  standoff  distance 
s'  - scaled  standoff  distance 

4.  Scaled  horizontal  distance  was  converted  to  time  (since 
passage  of  the  explosive  detonation  pressure  front)  using  the  formula 


(2) 


and  t entered  in  column  2 of  the  table. 

5.  A plot  of  y VERSUS  t was  constructed,  and  a smooth  curve 
drawn  through  the  experimental  points  with  a French  curve. 
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Dl  ION  AT  ION  \!I,(H:IT>  I OR  HR!  \S|i  il‘  \i  \ slRII', 
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().  It  riMHiir»-ii  i li*.-  <lr.iwiii>;  oi  tlu-  snKiot 


'■  n>  w 


l imi'  origin,  t^,,  was  esiab  1 istiod  and  tMiton-d  in  tolurin  i ■>!  • iif 

tabl  i'. 

7.  Usiiij;  t*io  inotiu'd  ol  It-asl  sqiijris,  an  i/"  li . i 

was  tittid  to  tli<‘  t'xpor  imenta  I point'..  Tlio  »qii.ition  of  t lio  littcj  lur.'* 
i s 

^ \y'  = 1 ^ (..  (t-t^,)i"  (i) 

For  mat  licmat  ical  details  sue  Appendices  A .and  B,  and  for  a dese  r i |>t  ion  of 
tile  computer  [irograni  wliicli  was  modified  slip.htly  for  tlie  atiove  carve  fittiin’ 
see  [Head  (1  970)].  Because  Ecpiat  ion  (1)  is  nonlinear,  the  computer  procr.nn 
requires  initial  values  of  a,  b and  n.  These  were  obtained  sraptiically 
from  tlie  plot  constructed  in  Steps  5 and  b above,  as  described  in  Ajipendix 
B. 

Tables  72  through  114  contain  both  the  digitized  data  and  tiie  fitted 
curve  points  and  parameters  for  the  einl't  I.ASL,  fifteen  i)RI  and  twenty 
USAFA  stiots  for  wiiich  flash  X-Ray  photographs  were  obtained.  'M  the 
forty-three  analyses,  ten  failed  to  converge  because  the  computer  program 
convergence  criterion  could  not  be  satisfied  within  a predetermined  number 
of  iterations.  Figures  138  through  180  contain  corresponding  plots  of 
experimental  data  and  fitted  position-time  curves.  The  fitted  curve 
parameters  are  summarized  for  all  shots  in  Table  115.  Table  116  summar  i z.c'S 
the  impact  velocities  and  collision  angles  calculated  using  F.quations 
{B-16)  and  (B-17)  in  Appendix  B. 
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TABU-.  72.  nn;rnzi-.n  h.ash  x-ray  data 


SHOT  MIMRKR  |..\S1,  IXtl  SCALt;  I- ACTOR,  / = 

n.  1 .y. 

DhTONATIOS  VKLOCITY.  = 0. 2'.»(,7Z  cm/nsoc 
IMTIAL  TIML.  = 2 . JH  uscc 


. i.  iti(;nizi-r'  fusm  x-kav  imta 


SHOT  VUMRIR  lA'O  1S!Z  SCALE  E ACTOR , f = -- 

I . j.  t 

DETONATION  VELOCITY,  = i) . :7 1 DJcm/usec 
INITIAL  TIMi;,  = l.r.l  ,.scc 
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t 
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10.0 
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1 1 .32 

0.()22 

. 

. 

b = 0.9476  cm  v = 0.4/ IS  = 9.5(>02  usee 
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1 


r.MU.l.  '•>.  DIi.ITIZl-.l'  HUSH  X HAY  DATA 

SHOT  N'!!MR[;R  IASI.  I.S.’J* SfALf  ' Ani'K.  / 

[•UTOSAllOS  \T.!.lX:rrY.  H.JOASK  cm/iisot 
INITIAL  TIMI  , = 1 . ..  ) ..soc 


b = cm  V * cm  h = usee 

*di<l  not  converge 
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ni(,iriZl.I)  FLASH  X-KA'I  DATA 


SHOT  SUMBFR 

LAST  I.X25 

SC  A LI 

FACTOR,  jf  = 

1.000 
. 5“(r 

DHTONATION  VH.Of.ITY. 

- " . 2;>0(..)  cm/ 

usee 
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• ^0  = 
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20 . 00 

10.50 
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20.25 

2 2 
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0.501 

10.0 
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. ..  J 

h = D.-1137  cm  V = D.  1()4()  cm  h =11.4iriS  usee 


-299- 


b = l,l<.)S7cm  V ^ cm  h = 1 2 . s",3r>  usec 
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tabu;  .ho-  DKilTIZFiD  FUStI  X-RAV  DATA 


SHOT  NIIMBFR  DR  I .s 


SCALD  ! ACTOR , i 


DETONATION  VELOCITY,  = 0.  J91(.()cm/usec 
INITIAL  TIMi;.  t.  = Z.88  usee 
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1.096 
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f).004 


0.025 


0.592 

l).4i)4 


= 0.()212  cm 


0.2827  cm 


h =8.5911 


rABi.i.  ni<;iTi:i-n  i-lash  x-rav  pata 


SHOT  NUMPr.R  OR  I 

OliTONATlON  VI  l.OCn  V, 

INITIAL  TIML,  = -’.J 

0 . 500 

SCALL  FACTOR.  / = ----,11 

I 0 . 20075 cm/uscc 

1 ’usec 

_A 

t - r 

0 

y 

/ 

cm 

.isec 

usee 

cm 

cm 

o.n 

0.00 

0.002 

1.0 

2.38 

0.14 

0.002 

0.000 

2.0 

4.77 

2.55 

0.028 

O.020 

3,0 

7.  15 

4.01 

0.050 

0.058  1 

1.(' 

9 . S-+ 

7 . 29 

0. 104 

0.  108  ' 

.S.O 

11.02 

0.(8 

0.  :'(> 

0.  1(.~ 

(..() 

; 4 . 30 

1 2 . 00 

0.232 

0.232 

7.0 

8 . (t 

lt).()9 

14.45 

rr 

0.30  3 

10.07 

1(1.83 

0. 3“0 

0, 378 

21.45 

1 0 . 2 1 

0 .4()2 

C 

o 

10.0 

1 I .0 

23.84 

2 1 . (.0 

0.535 

0.538  j 

20.22 

23.08 

0.(1 .30 

12.0 

13.0 

28.1)1 

2() . 3() 

L.  . J 

0.  ■’10 

^ ...-a-  ] 

M) . W 

bshi 

n.  700 

0.  '94 

14.0 

0.880 

0 . 882 

l.S.O 

0.95.3 

0.0 '2 

Ki.O 

3S.  14 

35 . 00 

1.05  1 

1 .0(>3 

r.o 

40.52 

38.  .’S 

1 . 162 

1 . 1 :)4 

j 

KS.O 

42.01 

40.0  7 

mmm, 

IH.  3 

4 1 . 38 

iBBi 

mmm 

b ■=  ().70()0cm  V =0.3770  cm  h =lo.77S5  Msec 
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TABi.i;  H.'.  tmuTizt.n  fl/vsh  x-ray  hata 


SHOT  PIU  S SCALI-  FAC'IOR,  i 

I'tTONATION  VhLGCITY,  = u.  ZSOOO  cm/uscc 

INITIAL  TIM}.,  t , = 0.(U)  usee 

0 


0.  SdO 

V.'s'ro 


A 

t - t 

0 

i 

cm 

jsce 

0.0 

0.00 

■IH 

HBRSH 

1.0 

1 .-l.S 

1 ..IS 

0.002 

'1 . rum 

2.0 

2.90 

2 . 90 

9 . 002 

0.002 

.^.0 

•1 . .3.3 

■1 . .35 

HHBH 

0 .,i"i 

■1.0 

.S.  HO 

3.80 

0.013 

.3.0 

7.23 

7. 2S 

IHHI 

'>  .9  1' 

(..() 

S . 70 

8.70 

0.0  "^0 

0.07') 

■'.0 

10.  11 

10.  I-l 

0.  1 1<) 

0.  I 19 

H.O 

mmm 

1 1 . 39 

0.  172 

0.  l(..l 

9 . 0 

1 3.0.1 

13.0.1 

0.229 

0.2M 

10.0 

11.  19 

1 1.-19 

0. 2Ho 

0.2(>8 

1 i .0 

SB 

1 3 . 9.1 

0.  328 

0.323 

12.0 

iBi 

1 7 . 39 

0.  s:’.! 

('..380  ; 

1 .3 . 0 

18.. St 

1 .8 . 8 1 

0.127 

0 . -1  •l,^ 

11.0 

■m 

20.29 

0.190 

0..19S 

l.'.O 

2 1 . 7-1 

0.551 

0 . S57 

l(i . 0 

2 .3 . 1 9 

2.3.  19 

0.013 

0.{.18 

I^.O 

21.0.1 

2.1.01 

0.071 

18.0 

20.09 

20.09 

0.728 

19.0 

27.5-1 

27.5.1 

0.805 

0.800 

20.0 

28.99 

2 8.99 

0.871 

0.8(il 

21.0 

.30. -1.3 

.30 . .1 .3 

0.9.31 

0.923 

b = 0..V.)07  cm  V * 0.0892  cm  h = 9.Ur5  usec 
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lABl.i;  .S4.  niCITlZhP  FLASH  X-RAY  DATA 

SHOT  SUMBCR  l>in  SCALE;  FACTOR,  / = 

DliTONATION  VF;L0CITV,  =D.Sii()'.).l  cm/usec 
I.VITEAL  TE.ME;,  = I’.pn  y.sec 


Hj.  IMCmZf  H f l.ASH  X-RAV  DATA 


SHOT  NUMRiO-’  '***'  S(:  \l.[-  l•ACTOK , # ^ 

PtTONATION  VI  I.OCIT'i,  \ ' \-m/uspc 

INITIAL  IT  mi:,  uscc 


7 

J!L  .1 

t 

- - — T 

>' 

1 1 

I 

V 

c.  J 

usee 

usee 

cm 

cm 

n.T 

0.00 

0 . 00  1 

1.0 

1 . ■’.s 

0.00  I 

z.o 

5.47 

0.01,1 

;s.o 

5.20 

0 . S3 

0.001 

■J  .0 

mam 

— 

1 1 

8 . 00 

1 . 30 

BHRHi 

(>.0 

in.  JO 

0.03 

(KOSJ 

1 

0.  Oof) 

7.0 

12.13 

. "'(> 

0.097 

0.  lOo 

8.0 

13.80 

50 

0.  142 

0.  142 

0.0 

15.00 

1 1 . - ^ 

0 . 1 90 

0.  183 

10. 0 

J 2 . 00 

0.23  I 

o.  J2S 

M .0 

10. 0. 

1 1. 

• ' . J 

0. 272 

l.I.O 

20.8(1 

1 () . 4 3 

0. 300 

0.31 



b = O.l'XiS  cnt  v » cm  n = S.P''SO  usec 


- jllh- 


TABI.i;  DICITIZLD  FLASH  X-KAY  DATA 


SHOT  NUMBER  DR  I -> 


SCALE  FACTOR,  i = 


0.  z;.r) 


DETONATION  Vl.LOCITY,  = (1 . 2>.)  I (.0  cm/ Dscc 


INITIAL  TIMl;,  = 2.  IZ  usee 


rVBI.i;  HH.  DK.lTIZhf)  ri.A.S!!  X-RAY  DATA 


SHOT  NIJMBE;R  DRl  IS SCALF  FACTOR,  i r 

DUTONATION  Vl.LOCITY,  =O.SJ-!l  cm/ usee 
INITIAL  TIM!-.,  = 1 . 5J  usee 


ivm.i.  S'*.  oir.iTizin  hash  x-ray  i.ata 


SHOT  MIMBIiR  _nRj_ll SCALJ:  ( ACTOR.  % - 

DtTONAMON  Vl.L(X;iTY,  - i).  >l)(  M I'-n/  ^sec 
INIIIAL  TIMl,  = J.  M .iscc 


t - V 

■ " 7--1 

cm 

uscc 

..  - cm 

cm 

(1.0 

. (;.()(( 

o.fioo 

1 .0 

1 .(.3 

0.000 

J . 0 

.3.  JO 

1.J.S 

0.00  1 

s.o 

■l.OI 

J .00 

O.O.iO 

O.U.iJ 

i.a 

mmm 

: . .s : 

O.OOO 

O.0N.S 

.).() 

S J.3 

<).  l‘.i 

0.  IS” 

0.  It’- 

" . s.s 

0 . 25(. 

0.  JSS 

■'.ti  i 11..''.: 

0.  IS 

0.'i70 

t.iS' 

■s.u 

1 s.  If. 

! 1 . 1 J 

0.  J.SS 

K.O 

0.0 

1 1 . S 1 

O.SoJ 

a":,  7^' ' 

1 0 . 0 

!(..  IS 

11.11 

().(>"  1 

0 . (i-.i 

n .0 

IS.  10 

1().0() 

o.?7r. 

i ‘ . ' s ! 

■nni 

mgam 

r . :’o 

O.SS7 

0 . .SOI. 

mSm 

1 0 . .i.S 

0.00(1 

1 .oik; 

1 l.ll 

mm 

J1 .00 

1 . los 

1 . 1 I ! ) 

13.3 

MB 

2.1.  l .S 

1 . J(..l 

! . JS.1 

j 

b = O.S28J  cm  V = I'.IOIJ  cm  h - (.SSSi)  usoc 


- jlO- 


'ARi.cwo.  ni'.;[Ti:n)  mash  x-rav  data 


SHOT  NHMRr.R  HRl  IS  SCAl.I-  l-ACTOR . * = 



Dl; TO.NAl  ION  VI. :.OC  I TY  , ^ 0 • 1 Usee 

INITIAI.  TISC,,  tp  = usee 


A 

t 

y 

^ m 

ilsec 

. UbCC 

cm 

0.0 

0.00 

0.00! 

I .0 

1 .‘J.S 

0.00.1 

.2.0 

.S  . 8() 

O.OOl 

S . 0 

s . :'y 

0.0. s 

O.OO-l 

O.ooo 

I .0 

1 .11 

1 . 0() 

0.001 

0.000 

T' . n 

0 . (1.S 

3 . 8y 



o.oor. 

0.002 

(>.0 

1 1 .38 

maam 

mmgm 

0.210 

-.0 

1 .S . .S  1 

0.  .s.s.s 

0.520 

s.o 

IS.M 

0 . (>.s 

0.  148 

0,  no 

I ".0 

1 .i7 

I 1 .OJ 

0.57:, 

0.50') 

10.0 

1 0 . .SO 

1 -S.  .Sf, 

0.080 

0.088 

11.0 

J 1 . J.S 

i:..48 

0.801 

0. 808 

IJ  . 0 

J S . 1 7 

1 " . n 

_ J 

0.028 

1 S . 0 

J.S.  10 

10.  .S  .l 

1.001 

1 .on 

1 i.f) 

J7.0.S 

JI  .27 

1 . 10.5 

1 . 

i-I  .8 

J8.S7 

22.81 

1 .:‘’2 

1 . jlj 

.] 

b = 0.  ISl.S  cm  V = 0.1)18(1  cm  h = usec 


-111- 


TARl.l.  “I.  OKUTlZin  il.AStl  \-HAi  DATA 

SHOT  MIMRLR  OKi  K,  SC  ALT  f'ACTOK . i - 

'I.J.S!) 

dltonahon  VLi,(x:rn,  j'w.-i^-ni/usoc 

INITIAL  TTMI;,  usoc 


- A . 
cm 

"■ii 

1 .(I 


.__.± 


J.ii 


S.  II 


■t.o 


.>.0 


(1.00 


1 . :>o 


s . 0 1 


■1 . :>  1 


(1 . 02 


s.n 


y.os 
10.  r.  .3 


:.oi 


Aiiii: 


0 . 05 


1 ..55 


.5.0(1 


4 . 5(> 


().0() 


‘.).0‘ 


0.000 

0.000 


O.OOO 


0.008 


0.02(> 


0.05 


0.  105 


0.141 


I).  1S1 


_ o: 

-UU, 


-■4 

t 

...j 


(I. 000 


0.005 


0.02  • 


0.0(,! 


0.000 
0.111 
0.  185 


0 . 0 


mc.ITIZfiP  FLASfl  X-RAY  DATA 


SHOT  s'iMRE;k  mu  scale;  e-actoe^,  i 

‘ ** r) . S ?f I 

DLTOSA;  TON  Vl.l.OCITY,  V|^  = ■’"'''-'-Vm/;.scc 

INITIAL  TIMI.,  = 1.13  Viscc 


X 

t. 

^ 

- - X J 

cm 

jsec  1 

uscc 

cm 

! 

_ -CiEL j 

! ■'..0 

f 

0.1)1) 

0.000 

i 1.(1 

1 . ,H(>  1 

o.^.s 

0.001 

0.001 

mam 

MM! 

2.59 

0.009 

(.'.0  1 1 

s^s 

4.45 

0.04  2 

0.041 

1 ' 

“tt; 

() . 3 1 

0.078 

0.081 

r;; 

9 . .30 

8.17 

0.  123 

0.  132 

(>.  (1 

I 1 . lb 

10.03 

0.203 

7.0 

13.02 

1 1 . 89 

0.2b4 

S.O 

11  . HS 

13.75 

0.328 

0.330 

9.0 

!(..  7^ 

1 3 . i>  1 

0.404 

0 . lot) 

H).  0 

1S.(.0 

17.47 

0.482 

0.485 

11.0 

20.  U) 

0.5b  2 

0. 3()" 

0.(i3I 

24.  18 

bbBB 

0.737 

2b. 0) 

24.91 

0.831 

0.824 

IS.O 

BMi 

2b.  77 

0.909 

0.9  12 

1(1.0 

1 29.7b 

28.  o3 

0.994 

1 . 00  1 

imnil 

30.49 

1 .087 

! .091 

33. 4K 

32.35 

1.171 

1.182 

|9.0 

3.3 . 34 

34.21 

l■Bal 

1.273 

1 1 

b = i).S74H  cm  V = 0.:307  cm  h =1'.1I.S3  ^jsec 


-Tlj- 


-31  3- 


b = ().(»s.n  cm  V = 0.01.'5i)uni  h =---^709 


- iK’- 


TAHi.i,  9().  im.rriziD  flash  x-ray 


SHOT  N'lMBFR  I ISA  FA  -1^ SC.' 

DFTO.N'ATION  ViT,OCITV,  = ().20'.M 
INITIAL  TINU;.  = 1.H7  usee 


A 



t 

t - t 
JL 

cm 

usee 

usee 

0.0 

. 0.00 

1 .0 

1 . 00 

J.(' 

3.03 

1 . Oo 

3.0 

5 . SO 

3.02 

4.0 

7.H(, 

r> . 

0.S2 

0 .(' 

imofii 

0.82 

■’.() 

■991 

■n 

8 . 0 

15.72 

1 3 . 75 

0.0 

17.08 

13.71 

10.0 

10.05 

I'’.  08 

11.0 

2 1 . ()  1 

10.  ()4 

12.0 

23.58 

21.01 

1 3 . (1 

25.54 

23.57 

M.O 

27.51 

25.53 

I .S . 0 


J9.47 


. r.o 


1(..0 


17.0 


18.0 


3 1 . •}  .S 


33.  JO 
35 . .30 


J9.40 


i 'J . 0 


37.33 


31.43 

33.30 

35 . 30 


)ATA 

VLl-  FACTOR, 
icm/  usee 


- 0.500 

(i.'Vr.o 


TAUl.l'.  >17.  niGITIZl  D FLASH  X-RAY  DATA 


SHOT  STJMRFR  I ISA  FA  tK SCALi;  FACTOR  , i 

DF:T0NAI  I0\  VI  LcXHTY,  = O.  TJ.MS  cm/Dsec 
INITIAL  TIML,  = D.OO  ^sec 


0 . .’Sfi 

n . (TTo 


A 

t - ? ^ 

J 

cm 

HMHIi 

lisec 

* - 

I'.o 

0 . 00  j 

O.OOo 

1.0 

i.z:  I 

1 . 22 

0.0O.3 

J.O 

.’.15 

2.  15 

0.001 

O.OOli 

3.0 

3 . ()7 

— 

o.oos 

0.019 

1.0 

1 . so 

1 . so 

0.035 

'J.L112 

...0 

().  ]2 

0.  12 

HmHi 

o.o:'2  ■ ■ .. 

().0 

1 . .34 

7 . ,31 

0.111 

-IJ . 1J.~ 

■’.() 

8.5(1 

S . 3() 

0. 118 

0.  Ml 

s.o 

0.70 

_ 9. 71) 

0 . I 89 

0 . 1 S 5 

'.) . 0 

HHHI 

10.0 

12.23 

1 

1.3.  15 

13.  15 

0 . .303 

0 . ilKi 

EnnB 

1 1 .t)8 

I4.(.h 

0.349 

0.31.H 

13.0 

15.90 

0.382 

0.  390 

11.0 

17.12 

HS 

0.4  27 

0.  132 

15.0 

— 

1 8 . 35 

0.1  (>3 

0.  174 

I().0 

19.57 

■rai 

0.510 

0.517 

1 .'.O 

■n 

0.558 

0.5.59 

18.0 

|M^8 

22.02 

0.(.07 

0.(i02 

1M.4 

22.51 

0.(1 .31 

0 . ()  I <) 

b = D.  l”!)!  cm  V = 0.11415  cm  h = 4.8(>.58  usee 


-318- 


*iiiJ  not  (.•onvo ijif 


-320- 


rAHi.i.  KH,.  izi  n i-i.ash  x-ray  data 


SHOT  SUMRCR  USA!  ;.5J ^ SCM.l.  l AC  FOR,  / = 

DKTONATION  VHl.OC !TY  . = () . S cm/ Dsec 

INITIAL  TIML,  t„  = I.  IS  ;.sec 
0 


TABI.I,  Iti;  niGITl"!.!)  FLASH  X-RAY  DATA 


SHOT  MIMBF.R 

IISM  A .59 

srALF. 

FACTOR,  i ^ 

USf'C  0.00 

0.500 

1 . 03)(i 

DLTONATIOV  \ 

INITIAL  TIMI 

LLOCITY, 

• ^0  - 

= 1) . 11  cm/ 

usee 

X 

■ ~ - t 

t 

. ^ ' 5i.^  1 

y 

i 

V , 

cm 

. oscc  1 

cm 

i 

cm  ! 

u.(/ 

■ 0 . 00 

0.000 

1.0 

1.22  j 

1.22 

0.008 

0.001 

2.0 

2..M 

2.44 

I.O07 

S . 0 

wmmm 

0.024 

0.019 

■1 .0 

■bsh 

cc 

T 

O.031 

0.03:’  j 

5.0 

0.09 

()  .09 

0.054 

0.1102  * 

('.0 

.....  .. 

7.31 

O.Of.5 

'.095  j 

7.0 

8.53 

8.33 

0.  10  3 

o.:3i  i 

8.U 

9.75 

0. 1(>3 

9.0 

10.97 



i"-'-'' 

0.23'' 

, , V 

12.18 

12.18 

Hdni 

13. ‘10 

13.  iO 

...  .. 

; 1 . 39  ” 

• , 

12.0 

15.62 

14.62 

0 5(,2 

: . . 

l.S.O 

15.84 

1 5 . 84 

0.  .0:1 

■ . 1 ^ ' 

mmm 

1 7 . 06 

0 . 3.3'.) 

■ } ' * 

18. 2K 

0 .(.33 

- ■ * i 

Ib.O 

19.50 

19.50 

0.  '0  , 

1 

17.0 

20.71 

20.71 

0.  ■ ! 

i 

1 

Ifi.O 

21.9.3 

2 1 . 93 

0.832 

1 

) . ".sr  < 

19.0 

23.  15 

2 3.13 

0.950 

0.  '71 

20 . 0 

24.37 

24  . 37 

BiOi 

1 . ‘3- 

2 1.0 

2.5.59 

23.59 

■Im 

1 . l it. 

21.5 

26 . 20 

26 . 20 

msm 

1 . 19  1 

J 

1 L , 

- - -J 

b = I . I()9(t  cm  V = 0. /'‘720cm  h u'scc 


-•i23- 


T 


iABi.i;  i(ii  i>ir,mri:i>  i i vsii  x-kav  data 


SHOT  MIMBTR  l'SAI-\  i,i) SCALf!  TACTOR.  / - 

DtTOSATION  VHLOCITY,  . :'SD7.vm/Dsct 

INITIAL  TlMi  . = J.Tf.  iisco 


- 1.  . 

, _LL 

”^7*’  1 

cm 

cm 

cm 

0.(1 

0 00 

0.001  i 

1 .1) 

I . J-l 

0 . 000 

2.0 

0.  1.5 

0.001 

0.000 

S.  0 

O.OlO 

O.'.U 

•1.0 

I . '.)() 

0.0(,.l 

O.ot.l 

:> . 0 

JO 

— 

. 5-'.  1 

0.111 

0.  1 1 J 

(■  .0 

-.4.1 

r..os 

0.  Io7 

0.  K.  1 

■'.0 

S.()o 

0 . .^J 

0.  Jl(. 

0.  Jl- 

s.o 

. oj 

0.  JoS 

0.270 

'.l.o 

1 1 . 1() 

■S.80 

0.  .'^23 

o..-;2.5 

10. 0 

1 2 . 10 

0..37.i 

0. 

1 I .0 

1.1.  (>4 

■BSI 

0.  1.3- 

0.  1.50 

■DH 

M.«S 

1 j..^ 

O.lH.'l 

n.  185 

■hb 

10.  10 

1.T.70 

50 

0.  ."..Tl, 

11.0 

1 - . M, 

. - 

1 r. . 00 

0 . 5H(> 

0.580 

— 

1 

b = ().nS(>0  cm  V = n.OIST'cm  h = usee 


- 32A- 


T-\Bu;  t>iG[Ti:i.r)  flash  x-ka^  haia 


SHOT  MIMBF.R  USAH\  ',d,\ SCAI.F:  FACTOR,  » = 

HF.TONAMON  VLLOCITY.  = 0 . St'i.  s cm^  Usec 
INFIIAL  TIMF.,  = O.Of)  use;. 


. . 

1 

■'‘t"-  t--] 

0 

y 

! 

cm 

..scv 

sc  - 

cm  j 

0.0 

0.00 

0.00  1 

i 

1.0 

1 . ! 1 

1.11 

o.oi;. 

o.s.,  1 

2.0 

' ' 1 

■»  1 -> 

•>  > ^ 

3.0 

1 

. .S  3 

■n 

■1.0 

1. 11 

1 . i-: 

O.07.1 

f. . 0 

r 5 

5.55 

0.  1 lo 

mHHH 

(>.0 

()  . ti() 

()  . f)(l 

0.  ISO 

0.151 

7.0 

7.77 

^ -r>^ 

/ • i 1 

0. 189 

0.  189 

S.O 

.S.,SK 

.H.8S 

0.2  35 

0.229 

‘.1.0 

') . 09 

9 . 99 

0.271 

0.271  _j 

10.'' 

11  . 10 

I I . 10 

0.317 

0.31  3 

11.0 

12.21 

0.  .357 

0. 358 

12.0 

13.  32 

1 3 . 32 

0.  108 

0.  10.3 

13.0 

11.13 

11.1 3 

0.  110 

0.  I-IO 

M.i) 

15.. 3.1 

15.51 

0 . -1 91 

\ 

(1.19(1  i 

1 :> . 0 

1 (> . ()5 

1(..(>5 

0.538 

HHHffiHH 

1().0 

I 7 . 7ti 

1 7 . 7() 

0.591 

0.593 

1().  3 

1 S . 09 

1 H . 09 

0 . (>  1 1 

0.;,07 

b = O.SHK)  cm  V =('.S27S  cm  h =11.  1(1 ’'.I  usec 


-325- 


l AKLI.  105.  OIGl  "IZl-.O  F-t.A.‘'ll  X-RAY  OATA 


SHOT  NUMBER  MSAl  \ SCALE  rACTOR . / = -i-irii’ 

n.SSO 

DETO.NuION  VELOCITY.  =n.  ljn.i;.  cm/usec 
INITIA!.  TIM]  . = J.;).-  ;,soc 


h = cm  V = era  h = usec 

*(lu!  nor  conviTKc 


lABl.l  !i)h.  [lUUTIZin  FLASH  X-FA'i  DATA 

SHOT  NUMRLR  HSAt  \ __  SCVLF  FACTOR,  i = ’ 

DtTONATlON  Vl.LOCITY.  - D . JSS  D,  cm/ Dscc 
INITIA!,  TlSll  , usec 


h = cm  V = cm  h =■  usec 

*diti  nor  coru'.Tge 


-327- 


TARl.i-  10?.  Duunzi.n  X-RAi  HATA 

SHOT  \IIMP!;R  iisAi-A  Sf  AL!  ' ACTOK , / 

niiTONATION  vr.l.OCtTY,  ^ o . IJ  • Y I cm/yscc 
INITIAL  TIMI.,  = i.o-  ur,r. 


-130- 


- VJl- 


- 


lARI.l.  114.  OK.ITIZLn  FI.ASH  X-IMl  DATA 

SHOT  VIIMRL'H  USAI  A 110 SCALD  1- ACTOR,  .i  -■ 

DKTONATIOS  VM.OCriY,  = 0 . .S3D  t 7 cm/ ,isce 
INITIAL  TIMl^  = h..’,:  usrc 


0 . TTT) 
1 .'OKll' 


- J 

. ' : ’"J 

r ‘ i 

^ . s - . X-  j : 

Tni  

^ t > 

. _CJ1L cm.  1 

(1.(1 

0.00 

0.000 

I .y.s 

0.000 

1 

.S . Kt) 

0.001 

0.002 

■1.0 

■bbh 

■iihh 

0.010 

0.020 

r> . ( ■ 

y.nt. 

3.24 

0.0008 

0.000 

().0 

1 1 . r.y 

b . 1 S 

0.207 

0.  10.3 

7.0 

7.11 

0.321 

0.3  ’{. 

.S.O 

y .0 1 

0.409 

n.4so 

y.  0 

1 ~.  so 

10.1)7 

0 . ()4(i 

o.fjS.S 

10..) 

10.  .32 

12.0(1 

0.8.1 .3 

0.8  13 

1 1 .0 

2 1 .2.S 

11.85 

1 .0.33 

1.017 

1 J . '1 

2.3.  IS 

1.277 

1 .2()4 

1 .5 . 0 

2.S.  1 1 

18.  "0 

1 .48.3 

1.102 

11.0 

27.03 

20.  (.3 

1.712 

1 . 720 

M .() 

2H.21 

2 I . 70 

1 . 8S7 

1 .8  70 

1 

[ J . . J 

b = 4.107S  y = J.!7‘.)‘i  cm  h = 2't . 1 34(i  jjsec 
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DISPinCEMENT  IN  CENTIMETERS 


F mui  ! 38 


-ru-.- 


D15PLncr.MENT  IN  CENTIMETERS 


F’.uurc  1 2 


TEST  ND.  LR5L  1322 

® T 

rn 

I 

i 

S3 

m 4 


2 12  22  31  H2  ^0 

TIME  IN  MICROSECONDS 


- (AO- 


Fi'iure  1-13 


TE5T  ND.  LR5L  I 32H 


0 10  20  30  H0  50 


TIME  IN  MKRD5ECDND5 


- }41- 


Fi'jur.'  114 


TEST  NO.  LR5L  t 32E 


0 IB  20  30  H0  50 

TIME  IN  MICROSECONDS 


- 342- 


DlSPLRCCMeNT  IN  CENTIMETERS 


Fiqure  14^ 


TEST  NO.  LR5L  1352 


- J4  3- 


DI5PLRCEMENT  IN  CENTIMETERS 


Fiquri’  14() 


TEST  ND.  DR  I 3 

St 

m : 

i 

t 

in 

1/1 


^ . 

1 


-344- 


D15PLHCEMENT  IN  CENTIMETERS 


Fujurc’  147 


TEST  ND.  DRI  H 

8 . 


TIME  IN  MICROSECONDS 


-3A5- 


IQ 

IB 

2B 

3B  HB  SB 

Tl 

IME  IN  Mi 

1CRD5ECDND5 

- Uih- 

7^*  — — - 

di5plrceme:nt  in  centimeters 


Figure  140 


TE5T  ND.  DRI  B 


02 

Lrt 

rvi 


-34  7- 


DlBPLHCEhieNT  IN  CENTIMETERS 


Fiqurc.' 


TEST  ND.  DR  I 7 

® T 
m'  i 


CQ 

Ln  ^ 


B IB  2fl  3B  HB  SB 

TIME  IN  MKRD5EC0N05 


Ftqure 


Ibl 


^esT  ND.  ® 


m 


ta 

tyi 


r.  . 

^ i 

Z rvi 
UJ 


Z.  tn 

— lyi 


h- 

z 

uJ 

z 

UJ 

vj 

a: 


- 5^9- 


Fifurc  153 


TEST  ND . DR  I I 1 

a.T 


0 IB  2B  3B  HB  SB 

TIME  IN  MICR05ECDND5 
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DISPLHCEMENT  IN  CENTIMETERS 


Fiqurc  156 
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F.  rho  Inf  1 isloii  F’.i  r.irn-tors  nn  lli*-  Striii.lli  iiu! 

Micros!  riict.iirf_of  ati_  Kxj*!  os  ion  rtoldt-d  A1  (rnjjiiiui  Ailoj  (I  v h.  If. 

W i t tni.in) 

!.  mRODFCTION 

The  qn.int  it  at '■  ve  imJerstand  i ng  of  explosion  welding  has  pro- 
gressed slowly  since  the  inception  of  the  process  some  19  ••a-ars  ago. 
Substantial  effort  has  been  devoted  to  certain  features  of  the 
explosion  welding  process,  namely  the  mechanics  of  wave  formation. 
However,  this  approacli,  for  the  most  part,  has  not  contributed  sul)- 
stantially  to  a better  technique  of  explosion  welding  application 
or  a greater  .ibility  to  predict  the  precise  conditions  that  will 
result  in  optimum  weld  quality.  In  fact,  few  experiments  have  been 
conducted  tliat  provide  quantitative  data  to  support  the  hydrodvnamic 
theory  of  wavy  bond  zone  formation  (The  autlior  does  not  doubt  the 
validity  of  tlte  hydrodynamic  argument).  As  a result,  i he  selection 
of  explosion  welding  parameters  i.s  still  strongly  influenced  by 
experience  gained  through  trial  and  error  methods,  an  expensive 
and  often  unsatisfactory  procedure. 

Through  careful  measurement  of  collision  parameters  during  a 
few  explosion  welding  experiments,  it  has  been  possible  to  delineate 
the  range  of  optimum  collision  parameters  tor  an  aluminum  alloy 
weld.  Optimum  collision  parameters  are  those  which  bond  tensile 
strength  exet’eds  parent  metal  sirengtli.  A simple,  inexpensive 
method  was  used  to  determine  collision  point  and  detonation  front 
distance-time  profiles  from  which  collision  angle  and  detonation 
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Si'Vor.il  Stu  ll  i.-xp<.T inifni  ti,  lollow.-.i  by 


miH'ii.m  i I'.i ! rrcpfrtv  .m«.l  nlcri'st  riu  t iiri  .lu.i  I v.sfs  h.ivi-  piovun  to  bf 
wDfth  hiiiuifitis  of  uon- inst  nimoiiLiui  oxp  1 os  ic>ti  wolci.s.  Tbi'  above 
t ev  lin  itpu  is  v;i'iier,i  1 ! ;•  .ippl  it,  ,ibl  e to  .iiiy  metals  combination  .inj 
vi  Klini;  ytoometry. 

file  restilts  show  that  weldability  iiicre.'ises  .is  the  colli  .ton 
ptiint  velocity  di'creases  toward  a critical  'low  tr.uisition  vi'loc'ty. 
Till'  r.iiiKo  ol  optimum  pl.ite  impact  velocities  c.in  be  defined  as  .i 
tiinction  of  oulision  point  velocity  .uui  collision  anp.le.  Kotir 
criteria  bounding;  the  fiptiimim  weld  ranj;e  are  described.  Sucii 
i nf  ('rm.it  ion  h.is  been  valuable  for  the  designed  use  of  ixplosion 
welding  in  development  of  certain  applications.  In  jiarticular  it 
is  possible  to  select  optimum  parallel  or  preset  angle  welding 
p.ii.imeters  in  accoidance  with  the  detotiation  velocity  oi  the 
avail. ible  explosive.  If  thorough  explosive  ch.tr.icter  ix.it  ion  i.s 
•ivailable,  then  accurate  explosive  loading  predictions,  to  yield 
the  recpilred  flyer  plate  velocity,  can  be  made.  Analysis  of  weld 
microstructure  and  mechanical  properties,  with  correlation  to  known 
impact  conditions,  will  eventually  lead  to  a more  comprehensive 
understanding  of  the  explosion  welding  process. 

2 . KXPERIMKNTAI.  UETAII.S 

This  study  of  explosion  weldability  was  conducted  entirely  on 
b061-T6bl  aluminum  alloy,  which  lias  the  following  normal  chemical 


compos it  ion : 

Si 

Cu 

Cr 

Ai 

wt.% 

1.0 

0.6 

0.27 

0.20 

balance 

-3fl2~ 


-r" 


T631  (losi);n,ues  tht*  prec  Ip  i tat  i nn-hnrdfned  condition  which  Is 
cliaractcrizcd  bv  the  followinp,  tvpical  mechanira]  properties: 

Stri-ngth,  ksi 

Uniform  lirlnell  Hardness 

Yield  U 1 1 ima  t e KJ  on^a  t ion  (500  Kg , 10  mm  _ba  11 ,) 

.;0(276)  45(  310)  127  95 

* ksi  - kilo  pounds  per  square  inch 

Ml’a  - mega  pascals  or  mega  newtons  per  square  meter 

Kxplosion  welding  was  accomplished  using  both  the  preset  angle 
and  parallel  geometries,  and  a variety  of  explosives  designed  to 
produce  the  desired  range  of  collision  point  velocities.  An  illus- 
tration of  the  general  configuration  defining  important  terms  is 
showai  in  Figure  181. 

The  use  ot  two  pressure-actuated,  continuous-writing  velocity 
probes  in  each  experiment  made  it  possible  to  determine  the  position 
of  tlie  detonation  front  .and  the  c-ollision  point  at  the  same  insl.int 
of  time.  Using  tills  principle  it  was  possible  to  reconstruct  the 
collision  profile  along  the  weld  length,  and  determine  the  collision 
angle  (0,  collision  point  velocity  (used  interchangeably  with  flow 
velocity)  (V  ),  impact  velocity  ('^p)  detonation  velocity  (V^^)  at 

any  point. 

The  velocity  probe  technique  was  developed  by  the  U.S.  bureau 
of  Mines  Explosives  Research  Center  between  1963  and  1967  and  de.scribed 
in  the  literature  in  1968  (Ribovlch,  1968).  The  probe  consists  of 
an  aluniinura  Lube  of  0.058  cm  diameter  and  0.0038  cm  wall  thickness, 
having  a sk ip- insu 1 ated  resistance  wire  of  0.0076  cm  diameter  on 
tlie  tube  axis  as  shown  in  Figure  182.  A constant,  battery-generated, 
direct  current  Is  passed  through  the  tube  and  wire  as  shown  in  the 


fi>;ure.  A prossure  wavi*  of  rolat  i volv  small  ni.-i>;n  1 1 iiclo  prc)(',iK  ft  i up 
alotiR  tlie  tube  collaps€»s  the  tube  onto  the  wire,  sbortetiinn  the 
eltctrical  path  and  decreasing  the  resi-.tanre.  The  volt-ipe  drop 
across  the  probe  is  monitored  by  an  osi  i 1 losco(>e,  and  i pr  pi, rt 
to  tlie  unroll. ipsed  distance  alon^  the  probe.  In  this  way  the 
position-time  profile  of  an  advancing,  pressure  fftnt  can  be  recffrded. 

In  these  e.xper  iment.s , aluminum  flyer  an  I brse  plates  cm 

thick  by  15.24  cm  wide  and  30.48  cm  lonj;  were  explosion  welded.  The 
two  velocity  probes  were  recessed  in  grooves,  one  in  the  flyer  plate 
to  record  the  position  of  the  deton.ition  point  front,  and  one  in 
tlie  base  plate  to  record  the  position  of  the  collision  point.  The 
(irobes  were  carefully  located  in  the  same  vertical  plane.  The 
arrangement  of  probes  ii.  the  two  plates  is  illustrated  in  Figure  IH  1. 

The  probes  were  connected  to  separate  power  .supplies  and  the 
voltage  drop  for  each  monitored  as  a function  of  time  using  a 
Tektronix  555  dual-beam  oscilloscope.  A block  circuit  diagram  is 
shown  in  Figure  184.  A typical  oscilloscope  record  showing  detonation 
front  and  collision  point  distance-time  traces  is  shown  in  Figure  185. 

The  0.835  cm  thick  aluminum  plates  were  welded  using  either 
Detasheet  C or  T.SE  1004  sheet  explosive,  or  40%  F.xtra  dynamite,  a 
granular  composition.  Typical  detonation  velocity  characteristics 
for  these  explosives  are  shown  in  Figure  186.  The  collision  point 
velocity,  V^,  was  varied  by  explosive  selection  and  by  use  of  a 
preset  angle,  0,  as  shown  in  Figure  I.  The  impact  velocity,  V^, 
was  changed  by  adjusting  the  explosive  loading  and  the  standoff,  S. 
Prior  to  welding,  the  aluminum  plates  were  cleaned  using  a NaOH 
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solution,  rinsi'd  in  warm  water  and  drft.-d,  resiiltiiiK  in  a l)ri(',iil, 
mi’ta  1 1 ic  1 list  re. 

After  weldinj;,  mechanical  te.st  samples  were  taki'ii  at  7.f'2, 
and  22.86  cm  f ram  tlie  initiation  end  of  tlie  )0.A8  cm  loop,  welded 
plates.  Tile  weld  tensile  strenptli  was  measured  nsinp  the  "zeio 
paiige  lenptlt"  test  specimen  illiistr.ited  in  Figure  187.  'I'lu-  same 
test  specimen  was  used  to  measure  the  strength  of  a homogenous 
aluminum  pl.ite  in  tlie  thickness  direction,  and  was  found  to  produce 
fracture  strength  values  equal  to  the  ultimate  tensile  strength 
measured  using  a st.indard  sheet  or  plate  tensile  specimen  oriented 
in  the  rolling  direction.  When  the  weld  zone  was  properly  loc.ated, 
the  test  specimen  accurately  reflected  the  strength  of  the  weld  and 
immediately  adjacent  material,  since  failure  was  made  to  occur  in 
that  pl.uie.  The  weld  tensile  strength  was  determined  by  dividing 
the  load  at  fracture  by  the  initial  test  area.  Samples  for  metallo- 
graphic  analysis  were  taken  from  the  spaces  remaining  in  the  welded 
plates  between  meclianical  Lest  samples. 

3.  ANALYSIS  AND  DISCUSSION  OF  RESULTS 

Approximately  20  instrumented  explosion  welding  experiments  were 
conducted  during  the  course  of  the  investigation.  The  physical 
significance  of  the  data  was  deduced  by  using  a framework  of  inde- 
pendent and  dependent  variables. 

Four  concepts  seem  to  provide  the  necessary  bounding  criteria 
to  describe  optimum  explosion  welding  cliaracter istlcs.  They  are: 

A.  The  critical  collision  angle  for  jet  formation. 
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B.  Tlif  I'l  iLlc.il  impact  prcsstire  t or  Jot  tormation  in  t iio 
snbson ic  roKirac, 

C.  Tile  critical  f low- 1 r air.  i t ion  velocity,  .aiul 

D.  ihe  kinetic  ent'rgy  ot  t lu-  flyer  pl.it..-  aiul  the  heat  Ji-isia- 
tlon  I har.ac  t er  i St  ics  ot  Liu*  colli-.ion  rep.ion. 

These  iioiindarv  conciitions  can  be  s imii  1 t.ineoiisl  y ri-present  ed  in  a 

plot  of  colli-, ion  angle,  jl  VKHSi.'S  collision  point  velocity,  , vnicli 

.ire  related  to  Impact  velocity,  V , by  the  eqn.ttion 

i* 

V = 2V  sin  7 (1) 

p c 2 


K<iuation  (1)  is  obt.iined  by  assuming  the  vector,  in  Figure  1 to 
be  perpendicular  to  the  line  bisecting  the  collision  .in.gle,  i. 

This  equation  applies  to  either  the  preset  angle  or  par.illel  explo- 
sion welding  geometry,  as  it  deals  only  with  the  lollision  parameters, 
not  initial  or  intermediate  parameters  such  as  preset  .angle,  dyn.iraic 
bend  angle,  or  detonation  velocity.  Figure  1H8  shows  tlie  four 
bounding  criteria,  using  coordinates  and  a.  Experimental  data 
(e.g.,  mic rostructure  and  weld  tensile  strength)  are  plotted  as  .a 
function  of  the  collision  parameters  and  a in  Figure  18h  and  190. 
a.  The  Grit  icjil  Co ^H_s^ioji  Aiij^l i^_fl^r  det  Format  ifni 


The  concept  of  a critical  collision  angle  for  jet  formation 
has  been  described  by  Walsh,  ot  al  (1953)  and  Cowan  and  lloltzman 
(1963).  It  provides  an  upper  flow  velocity  boundary  and  the  related 
impact  velocity  or  collision  angle.  At  flow  velocities  higher  than 
critical,  the  collision  is  jetless  and  presumably  no  welding  occurs. 
At  flow  velocities  below  the  boundary.  Jetting  occurs  and  welding 
can  occur. 
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Tin-  critical  collision  .mule  for  ji-ttinv,  can  hi-  calculalocl  as 
(icscribcil  in  (Walsh,  I'ljl).  .\t  a 0°  collision  anj’.le  the  flow  vcloiltv 
hovmilar  .•  hogins  at  the  hulk  sound  volocitv  for  bOhl  aluininuir  (535(1 
m/s)  and  incrc.tses  as  the  collision  an)',le  increases  (s€-c  i-lmire  ld8). 

The  exact  slope  ol  this  bound, irv  is  of  little  importance  sinci  tiiisi 
(>ractical  weldin>;  activities  take  place  well  to  tlie  left  in  the  sub- 
sonic regime.  In  fact,  verification  of  this  boundary  by  welding 
experiment.s  is  difficult  because  of  problems  encountered  in  obtaining 
a weld  in  that  region. 

b.  The  Critical  impact  Velocit^;_(or  Im^a^t  J’re^s  ire)  in  the 
S id)  son  i c He  ^i  me 

The  descrijition  of  a critical  angle  for  jetting  and  its  imiior- 
tance  to  explosion  welding  gives  the  impression  that  jetting  and 
hence  welding  can  occur  ever\T«fhere  in  the  subsonic  regime.  Practical 
experience  indicates  this  is  not  true,  and  it  can  be  reasoned  thit 

jetting  is  not  likely  in  the  subsonic  regime  when  the  impact  velocity  | 

i 

(or  imp.act  pressure)  approaches  zero.  At  low  imi>act  pressures  the 
metal  no  longer  behaves  as  a fluid  (a  necessary  behavior  in  (Walsh, 

1^53)  and  (Cowan,  1963)),  but  rather  as  an  elastic-plastic  .solid. 

(dearly  in  the  latter  case  some  non-zero  flow  stress  must  be  exceeded 
in  order  to  produce  flow  and  jetting.  It  is  therefore  reasonable 
that  some  non-zero  impact  velocity  (pressure)  must  be  exceeded  for 
1 low  and  jetting  to  occur. 

The  assumed  existence  of  a critical  impact  pressure  at  collision 
point  velocities  Iwoer  than  the  bulk  sound  speed  has  been  used  as  a 
criteria  for  welding  parameter  selection  since  about  1969  (Wittm.in, 
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l‘)72)(Kzra,  197i).  Recint  expur  imi-nta  I work  (ri-porioil  i-l  ;;owlii  re  in 


itiis  report)  '^liows  tli.il  a lower  critical  impact  pressure  does  iadeed 
c-xist  tor  alitmimim.  However,  that  data  was  determined  t(>r  a narrow 

of  tlow  velocities  and  a wide  rapfte  of  tlyer-i'late  tii  i cki.e:>si-s. 
The  pri’Sent  data  extends  tiiat  conclusion  to  a wider  ran>;e  of  tlow 
velocities.  Since  impact  pressure  is  related  to  impact  vc-lucity 
through  the  pressure-particle  velocity  ecjuation  of  state,  .)  lewc't 
ciitical  impact  velocity  must  also  exist.  For  f)061-Th  aluminum  alloy, 
data  in  Figures  189  and  190  and  elsewliere  in  this  rejJort,  est.ihlish 
tills  minimum  velocity  to  he  about  270  m/s  for  imp.ict  ang.les  below 
.'iliout  5*^,  corresponding  to  a pressure  of  21  kbar.  Tlie  minimum  velocity 
.ippears  to  increase  to  at  least  350  m/?.  at  higlier  collision  .ingles 
in  order  to  m.iintain  a constant  normal  stress. 

At  present  the  minimum  tlyer  plate  impart  velocity  in  aluminum 
and  other  alloys  is  esti.tiated  by  multiplying  the  Hugoniot  el.isti,' 
limit  (HKD  pressure  by  5,  then  determining  the  corresponding,  impact 
Velocity  using  the  pressure-particle  velocity  equation  of  state. 

An  alternate  method  used  in  the  absence  of  HEl.  data,  and  which  appe.irs 
to  be  a good  approximation,  is  to  use  the  purely  empirical  expressii'n 

1/2 


V 

p.inin 


(2) 


wliere  is  the  ultimate  tensile  strength  in  N/M‘  and  p the  density 
In  Kg/M^.  Using  5.4  kb  for  the  HF.1.  ot  bObl-Tfi  aluminum  (l.undergan, 
1963),  a minimum  pressure  of  27  kb  is  obtained,  corresponding  to  an 
Im[)act  velocity  ot  350  m/s.  The  alternate  method  predicts  a minimum 
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()l‘  i V)  m/s.  both  v.ilin-s  .'Ilf  in  t.iir  .igriomisit  \*iih  thf  t-xi.i'r  iu.t  ii- 


l.illv  (U't  f rminoii  v.iIhl*  ot  J.JO  m/s. 

( . riio  J'H  L ital  Flow  Tniii  ■;!  l ioi^V^l^^i  ty 

’Iho  I'xistfiicf  ot  ;i  v iitic.il  t low  (collision  ^ji'int)  volociiy 

for  ir.insition  to  turbiilont  flow  (w.-ivy  '.oinl  i;oiu  i has  boon  luitio  oi 

liiscnssod  by  Dorib.is,  ot  a 1 (I)orihas,  I'tb/),  bnrkliarilt  , it  I 

(burkhardt , 1967}  and  t.'ow.in  ot  al  (Cow.in,  19.1).  flow.in  ot  il 

dovolopod  a moans  for  predicting  the  critical  flow  velocity  tn.it 

sooms  both  aocnr.iie  and  useful.  They  used  flyer  and  b.iso  pl.ito 

dcMisitv  (li  .'ind  . ) and  static  h.irdnoss  (lid  and  Hd  ) .is  the  ■••lold 

r B r i> 

criteria  in  an  oxnression  dofining  the  Reynolds  number,  K,^. . at  the 
flow  tr.insitiou  velocity,  V.^,.  Their  expression  is 

» . » ’ V <„ 

2(lldp+Hd|^) 

and  gives  values  of  ranging  from  8.1  to  1 i.  1 tor  both  symmetric 
and  asymniotric  cladding  configurations,  the  average  R.j,  beint;  10. b. 

The  author  prefers  to  use  the  Hugoniot  elastic  limit  (HFl.)  .is 
the  yield  criterion  instead  of  static  h.irdness.  L'sing  reported  HEl. 
data  with  the  collision  point  velocity  at  tr.insition,  in  (Cowan, 

1971)  and  equation  (3)  the  value  of  R,j,  becomes  12. b with  a r.inge  ol 
static  hardness  may  prove  to  be  entirely  satisfactory. 

The  flow  transition  velocity  reported  in  (Cowan,  I'/l)  tor 
6061-Tb  .iluminum  was  confirmed  by  this  study.  Based  on  dat.i  plotted 
In  Figures  9 and  10  the  flow  transition  velocity  is  estimated  to  he 
2330  m/s  50  m/s.  The  value  in  (Cowan,  1971)  is  2300  m/ s and  the 
value  calculateil  using  an  HEL  ot  5.4  kb  and  R.^,  ot  12. b is  2240  m/s. 
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d.  The  Kinetic  Kiiergy  of  the  Flyer  Plate  and  tlie  Hc.Jt  Pi  ssip/il  ion 
tdi.uMc  Leri  sties  of  the  C.olli.'^ion  Re^^ion 

The  r.inge  of  optimum  impact  velocities,  beyond  tlie  minimum 

seems  to  hi-  controlled  hv  the  thermo-pliysical  properties  and  the 
meliinp,  point  of  the  metals  hein>;  welded.  A fraction  ot  the  impact 
kinetic  enerp.y  of  the  flyer  plate  is  converted  into  enerp.y  ot  the 
jet  and  remains  within  ll.e  system.  Data  for  copiu-r,  nickel  anri 
aluminum  indicate  this  traction  can  be  expressed  approximate! - as 

V 2 

f = N -f-  (4) 


C 


R 


whi-re  t;  is  the  hulk  sound  velocitv  and  N is  an  empirical  c.oef  f ic  ien  t . 

R 

The  Jet  energy  is  ci'uverted  into  l\eat  by  flow  deformation  .and 
Iriction.  The  he.at  is  apparently  generated  within  a short  dist.mce 
of  the  collision  [)oint  (i.e.,  one  deformation  wave  lengtii)  in  a 
relatively  sm.all  volume.  Because  the  velocity  of  (ieform.at  ion  is 
high,  aiiicibatic  conditions  should  exist  (i.e.,  dq  = 0),  and  the 
generated  heat  sliould  manifest  itself  by  a rapid  rise  in  temperature. 
Tlie  magnitude  of  the  temperature  rise  is  governed  by  the  thermo- 
physic.al  properties  of  the  unalloyed  mixture  of  flyer  and  base  plate 
metals,  and  tlie  melting  point  of  the  two  constituents.  Presumably 
little  superheating  of  the  melt  occurs,  limiting  the  temperature  to 
that  ol  the  molten  met.il  at  the  melting  point.  As  more  kinetic 
energy  and  subsequently  strain-generated  heat  is  added  to  the 
collision  reg.lon,  tlie  volume  of  melt  increases.  The  final  weld 
structure  is  determined  in  part  by  the  melt  volume,  li  any,  when 
the  tree  .surf.ace  reflected  tensile  wave  Interacts  with  the  collision 
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inlcrf  .ICO. 


The  fin.'il  wold  sL.ito  i)ropc‘iL  ies  fi)r  .■ilumimiri  arc  detor- 


miiied  by  tl>e  numbor  .ind  di.st  ribul  ion  of  flow  Rener.itc  l 1 i.ssiircs, 
melt  shrinkay.e  voids  and  lioL  tears  caused  by  ret  iei  ted  tensile 
•stress.  For  optimum  weld  strengtii  to  be  realized  the  interface 
fiehind  the  collision  [)oint  must  be  suf  I i dent  ly  cooleii  .md  f rei  ol 
defects  so  tliat  tensile  wave  passage  can  occur  without  rupture. 

Using  tlie  above  concept  it  is  possible  to  determine  tlie  t-t  of 
Imp.act  parameters  and  physical  properties  of  tiie  metal  that  le.id  to 
heat  dissipation  witliout  melting  during  tensile  wave  passage. 

The  associated  heat  transfer  problem  Is  solved  in  Carslaw  and 
•laeger  (Carslaw,  1959)  Chapter  10,  page  269.  The  problem  is  that  of 
determining  the  temperature  distribution  in  a lialf  space  z 0,  moving 
in  tlie  X direct  ioi,  with  velocity  11  beneath  a .stationary  strip  ot 
width  2b  in  the  x direction,  infinitely  long  in  the  y directi. >n  and 
contacting  the  half  space  surf.ice  z = 0.  Heat  is  transferred  t<'  the 
half  sp.u-e  from  the  strip  at  the  rate  of  Q per  unit  tim<  pet  unit 
area.  The  mtithemat  ical  solution  is  given  as 


X+B 


T - T 
X , 2 o ttKU 


e'V 


2 

(7/  + u") 


1/2 


du 


(5) 


X-B 


where : 


X.7 


temperature  in  the  half  space  at  coordinates 
(X,Z)  with  respect  to  the  strip 


ambient  temperature 


k 


thermal  diffusivity  = 


K = thermal  conductivity 

C = specific  heat 

r = mass  density 

witii  tlimensionless  parameters 

X = (6a)  7.  = ^ (hh)  B = (6c) 


and  K (x)  is  tt>e  modified  Bessel  function  of  the  second  kind,  zeto 
o 

order. 

For  large  vahies  of  B the  maximum  temperature  rise  occurs  in 
tiie  plane  z = 0 (i.e.  at  tlie  surface)  near  x = h,  and  is  approxi- 
ma  t e I y 


T 

MAX 


T = 
o 




1/2 

K(7TB)  ' 


(7) 


Consider  the  collision  region,  i.e.,  the  source  of  iieat,  to  be 


moving  at  a velocity  L'  = in  the  collision  of  like  metals.  We 

specify  that  T < (mp  = melting  point)  at  x = b when  the  reflected 

tensile  stress  just  reaches  the  interface.  This  will  happen  provided 

hV 


b = 


(H) 


"B 


where  li  is  the  flyer  plate  thickness  and  C_  is  the  bulk  sound  velocity 

D 

of  the  flyer  plate.  Substitution  Equation  (8)  into  Equation  (6c) 
for  B,  and  setting  U = , we  have 


B 


V _^hoC 

2 KCi^ 


lib 
2 k 


V 

(' 


V ^h 
c 


2kC 


B 


V phc 
c 

2KC,' ' 


(9) 
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The  total  aminint  of  heat  deposited  per  unit  area  of  half  space 


I 


surface 


is 


(10) 


in  the  cast-  of  an  explosion  welding  event  some  fraction  f,  given  by 
Kquation  (4),  of  the  lot.il  kinetic  energy  per  unit  area  of  flyer 


Solving  for  t ho  iippor  limiting  valuo  of  impact  velocity,  V 

I y ol. 

ono  obtains 


t 


,2 


2 (T  - T ) 
mp  _o_ 

c 


2ti  KCC 


i 

B 


Oh 


so  that 


V 


Hti  KCC,/  (T  - T / 
B mp  o 


1/4 


(14) 


V , MAX 


N 


Using  values  of  jhiysical  constants  for  60bl-T6  aluminum  from  Table 


117,  and  assuming  tli.il  '1'^^  = fiO*^K  - 16^'c,  Equation  (14)  then  yields 


V 


U . M/\X 


N 


(8n)  ^ 1-  54xlo/)  f_9^61xj()/)  A 

2.70 


, 1/4 


'5. 039  3x1  (/ 


c 


Tost  results  indicate  that  for  f)061-T6  aluminum. 


so  that 


P,MAX 


n_.  68x10^ 
h'/^  V 


i = 1 ^ tA8 

N 3V()393 


14.77 


(13) 


(16) 


(17) 


Equation  (16)  is  plotted  in  Figure  191  along  with  the  other  tliree 
boundary  conditions  for  6()61-T6  aluminum. 
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Table  117.  Mechanical-Physical  Properties  of  Selected  Metals  and  Mloys  and  Their 
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4.  EXPLOSION  WELDABILITY 


Based  on  the  physical  property  relationship  in  (14)  and  a mini- 
mum impact  velocity  or  pressure  lor  weldinj;  (’’36),  an  expi(n;ion 
weldability  ranking  ot  metals  can  be  made.  Explosion  weldability 
is  defined  ti'  be  proportional  to  the  ratio  of  ma.ximum  to  minimum 
flyer  plate  impact  velocities  that  will  result  in  a parent  metal 
strength  weld.  The  higher  tlie  ratio  tiie  greater  the  weldability. 

The  maximum  optimum  flyer  plate  velocity  is  given  by  (14).  The 
minimum  optimum  flyer  plate  velocity  is  given  approximately  by  (2). 
Based  on  tlie  plate  velocity  ratio  a weldability  factor  has  teen 
calculated  foi  combinations  of  the  same  metal  or  alloy  using  tlie 
expression  WE  = N 0 comparison  the  flyer 

plate  thickness,  h,  was  chosen  to  be  0.635  cm,  the  collision  point 
velocity  was  cliosen  to  be  1/2  tiie  bulk  sound  speed,  and  tne  ambient 
temperature  was  assumed  to  be  16”c.  These  values  and  other  properties 
in  Table  I were  used  to  calculate  a weldability  facto*  . For  6061-T6 
aluminum 


ll.bBxlO^  


48,913  cm/sec 


'^P,MIN  = 33900  M/sec 


so  that 


WE 


1 _ 48,913 

14.77  33,900 


0.  376 
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In  >;eni'r;il  , lOi  tlu'  purpose  ol  ea  1 ru  1 .il  iuj;  the  weJd.ibiliiV  t-ii:tor, 


N 


V 


I/-'. 


201  . hiKCCI  - Ih)' 
_ mj) 

> c:.. 


(18) 


and  since 


V 

I’,  MIN 


1 / 2 
TS 


we  have 


N V 


WF  = 


V , M/\X 


r,MiN 


201.6  : 


KCp  (T  -16)“" 
mp 

--j  

TS 


1/4 


(2) 


(]<)) 


Pure  silver  seems  to  be  the  most  weldable  metal.  As  a result  the 
weldability  factor  for  each  metal  has  been  divided  by  the  weldability 
factor  for  pure  silver  to  produce  a relative  weldability  indc.x. 
Whether  or  not  the  absolute  values  in  the  index  are  correct  is  open 
to  question;  however,  it  does  appear,  based  on  experience,  that  the 
order  is  approximately  correct.  Dissimilar  metal  combinations  whicir 
can  lead  to  the  formation  of  brittle  interractallic  compounds  would 
add  another  factor  further  decreasing;  the  weldability.  Weld.ibility 
could  also  be  decreased  by  surface  contaminants  and  tire  surface 
stress  state. 

It  is  also  seen  from  (14)  that  the  maximum  allowable  flyer  impact 
Velocity  is  decreased  by  increasing  collision  point  velocity  and/or 
flyer  plate  thickness,  thereby  decreasing  weldability.  The  ilata 
in  Figures  189  and  190  support  the  effect  of  on  weldability, 
and  other  data  elsewhere  in  this  report  demonstrate  the  effect  of 
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Ulicktu’ss.  The  maximum  t li  i iknof.s  of  6()f)l-Tf>  aluminum  lhal  i:oulii 

hr  woKloci  to  vit'ld  near  parent  metal  streni;tii  was  l.HI  i-m.  T luaf  i tn 

(Ih)  prediL'ts  h.S9  cm  is  the  maximum  thickness  that  can  he  wi  lded 

at  a V ot  27(H)  m/s  wit'i  a flyer  plate  velocity,  V , >;rt  itit  than 
c p 

t lie  minimum  value  of  2 70  m/s. 

5.  CONCH'S  tONS 

The  results  of  this  study  show  that  a minimum  flyer  plate  impact 
Velocity,  related  to  a minimum  impact  pressure,  is  nece..-,.-.  t ■.  I" 
achieve  explosion  welding  of  hOfii-Th  aluminum.  The  mininiuiri  velocity 
is  near  270  ni/s  <u  collision  .ingles  less  than  5*'’.  I'he  maximum  t Iyer 
plate  velocitv  to  result  in  a parent  mi’t.il  strength  weld  is  controlled 
by  tile  kinetic  energy  of  the  flyer  plate  and  the  lieai  dissipation 
eliarac  1 1.  r ist  i cs  of  tile  aluminum  alloy.  fhe  maximum  velocity 
increases  as  the  collision  point  velocity  decrease/',  thus  broadening 
the  range  of  impact  velocities  for  parent  metal  fitrength  welds.  The 
weldability  increases  as  the  collision  point  approaches  the  flow 
transition.  The  flow  transition  velocity  was  found  to  t>e  211>0  m/s. 

The  optimum  weld  state  can  liest  be  described  by  four  bounding 
criteria,  rejiresent  . t on  a graph  of  collision  angle  against  I'ollision 
point  velocity.  The  boundary  eonditions  are: 

1.  The  critical  cojiislon  angle  for  jet  formation, 

2.  The  critical  impact  pressure  for  Jet  formation  :n  tlii'  suh'- 
sonie  regime, 

j.  The  critical  flow  transition  velocity,  and 

h.  The  kinetic  energy  of  the  flyer  plate  and  the  heat  dissipa- 
tion characteristics  ot  the  collision  region. 
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Kxplosion  welding  data  available  I'nr  otlier  metals  indicate  tin*  lour 
boundary  concepts  may  be  generally  applicable.  If  so,  estimating 
tiie  optimum  range  oi  colllsiun  conditions  for  explosion  welding 
would  be  greatly  simplified. 
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IV.  M’lM.l  CATIONS 


A.  Introduction 

In  .m  effort  to  demonntr.ito  the  c.iiMh  1 1 1 1 les  of  KIW  to  .iccotnp  1 1 sli 
prac  t i c.il  woIditiH  ta.sks,  a series  of  ap|)  I icat  ion-orient  ed  welds  was 
eondiieted  as  part  of  the  L'SAFA  KIW  resi-arcii  pro>;rain.  A major  portion 
ot  this  applications  program  was  the  development  of  a Bomb  D.imatte 
Repair  (BDR)  kit  tor  AM-2  alumintim  airfield  matting.  A repair  kit 
was  developed  and  tested  successfully,  as  reported  in  Teciinioa] 

Report  AKWh- rR-7n-160  (I.lndbernh,  1971).  Because  the  AM-2  repair 
kit  has  been  explained  in  detail  in  that  teclinicaL  report,  it  will 
not  he  reported  here.  Other  passible  applications  tested  included 
si)ot  welding,  welding  of  tubular  specimens  such  as  pipes  .ind  struc- 
tural columns,  welding  of  pipe  flanges,  and  symmetric.il  welding  ol 
structural  joints  to  preclude  the  need  for  heavy  anvils  to  absorb 
blast  energy. 

B.  Spot  We  1 d ing 

Because  of  the  extensive  nature  ot  the  spot  welding  tests,  tiiey 
are  reported  in  Section  IIC  as  part  of  the  experimental  program. 

C.  KxpK^sive  Impulse  Welding  of  Tubul.'ir  Aluminum  Joints 

explosive  impulse  welding  could  find  useful  application  for  the 

I rapid  joining  of  aluminum  pipelines  and  aluminum  niechan leal  tubing 

for  column  supports  in  building  towers. 

Three  types  of  explosion  welded  joints  appear  feasible  for  the 
tubular  geometry.  In  the  first  approach  the  tubular  elements  are 
joined  by  a welded  external  collar,  necessitation  the  use  ot  internal 
support  tooling.  Depending  on  t lie  purpose  of  the  structural  element 
to  be  fabric.ited,  this  Intern, il  support  tooling  can  be  permanent  or 
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itTiov’.ib lo  siibsiMjiicnt  to  wolctiiiK.  In  Llio  .second  ajjpri;.!!  li  the  Lnhnlar 


elements  ,ire  ioineii  ’ey  a welded  internal  collar,  re<|niring  the  use 
of  an  external  die  tc  .support  the  tnlu'  wall.  Tlte  third  apptoach 
uses  a ilange  coniu-etion  and  symmetrtial  explosive  impulses,  thus 
requiring  no  support  tooling  tor  the  luf)e  wall.  Tiiese  methods  are 
illustrated  in  Figures  192  through  197. 

It  should  be  emphasized  th.it,  although  basic.ally  successiul, 
neither  the  EIW  teciinique  nor  the  mandrel  design  used  is  con.sidcrcd 
optimum.  Further  development  would  be  necessary  to  finalize  the 
technique  .md  design  parameters. 

Three  external  collar  weld.s  were  made  using  Derasheet.  a high 

detonation  velocity  sheet  explosive,  and  three  additional  welds  were 

made  using  Trojan  SWI’-5,  a low  velocity  granular  explosive.  The  first 

experiment  using  Detasheet  explosive  with  an  integr.il  mandrel  was 

unsuccessful  because  the  exi>losive  loading  was  too  great.  Two  sub- 

o 

sequent  experiments  using  'ig/ in'"  of  Detasheet,  with  hotii  integral  and 
extractable  mandrels,  proved  to  be  generally  snccosslul  altliongli  some 
shock  wave  damage  to  the  aluminum  was  noted.  The  first  attempt  to 
weld  an  external  collar  using  tlie  Trojan  SWr-5  explosive  was  unsuccess- 
ful because  the  explosive  loading  was  too  low.  I'wo  subsequent  welding 
trials  were  successful,  both  with  the  extractable  and  integral  mandrels. 
The  lower  velocity  explosives  are  better  for  welding  aluminum  because 
of  their  lower  induced  shock  pressures.  Figure  191  Is  a photograph 
of  the  external  collar  welds  made  using  the  integral  mandred  and 
extractable  mandrels. 

A test  of  the  external  collar  weld  strength  was  made  by  subjecting 
a 3/4  inch  wide  .slice  from  tlx*  pipe  walls  containing  the  joint  to  a 
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tensile  load.  la i lure  occurred  outside  the  ctillar  weld  area  in  the 
jiarent  metal  I’ipe  wall.  Thus  we  concluilc  the  tuliular  joint  in  this 
instance  was  st  ionj>er  than  the  pipe.  This  is  to  he  expected  on  the 
ha>is  ot'  rehifive  section  thicknesses  if  the  weld  is  [>rope/'l>  made. 

.•\dd  i t 1 on.i  1 ilesign  sat'ety  is  obtained  due  to  the  lengtli  of  co  1 1 .1  r 'ma  i n 
pipe  overlap. 

In  .III  alternate  apjiroach  it  was  demonstrated  that  the  collar  weld 
could  be  made  to  the  inside  surface  of  the  pipe  as  reaiiily  as  to  the 
e.xternal  surface.  Figure  IPd  is  .an  illustration  of  the  explosive 
impulse  wa’lding  configuration  and  a supporting  external  die  used  in 
the^le  c.xpe  r i nieiit  s . Hie  pipe  and  collar  components  are  (uKiI-l't) 
aluminum.  Such  an  external  die  can  be  handled  by  one  technician. 

Ihe  first  expcrinoiit  used  an  8g/iu^  explosive  loading  and  the 
split  die  design  shown  in  Figure  19-1.  Unfortunately,  the  ex[>iosive 
loading  wa>  too  large,  and  although  the  collar  welded  to  the  pipe,  the 
die  was  slightly  distorted  and  one  of  the  four  supiiorting  rings  was 
f'rac  t ured . 

A second  experiment  used  a smaller  explosive  loading  density, 
()g/in“,  and  a shorter  charge  length.  The  split  die  could  not  he 
reused  without  extensive  repair,  and  therefore,  a onc-iiiece,  tluck- 
walled,  extruded  steel  pipe  was  used  as  tlie  support  die.  Tlie  die 
wall  was  1 .S/4  inch  thick.  I'hc  explosive  charge  proved  to  he  near 
optimum,  and  the  steel  pipe  die  was  not  distorted.  I'hc  appearance 
of  the  explosion  welded  pipe  joint  was  excellent,  cas  shown  in  the 
photographs  of  Figure  195. 

Tlie  third  tubular  connection  scheme  involved  the  welding  of 
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t'lan>;oil  pipt'  soctioiis  with  tlic  ti-so  of  symmet  r i lal  iiui  opjiosinj;  im- 
pul-'OS  in  ! U'U  of  ni]iport  toolinp,.  Fiyiiro  19n  shows  a relaicil  woldinj; 
speiimon  with  t lie  exiilosivo  loailinj;.  Ixplosive  fliart;os  arc  placcJ  on 
opposite  sides  of  the  two  flaiij;es,  and  the  initiation  is  timed  so 
tliat  the  explosive  impulses  eounieract  oacli  other.  Hi  i s method  was 
not  hij;)ily  stieeessfiil  in  practice  because  tlie  initiation  is  complicated, 
rei)uiriiiij  more  explosive  than  revpiired  for  the  actual  weld.  One 
successful  connect  ion  between  hOhl-Tti  aluminum  pipe  and  flange  com- 
ponents was  made  using  a dg/Ln*'  Detasheet  explosive  loading  on  each 
side  o !'  tlie  1/1  inch  thick  t'langes.  figure  197  illustrates  the  s[<ecimen 
set  up . 

I.xplosive  impulse  welding  of  tubular  aluiiiinuiii  assemblies  is  a 
feasible  connection  teennique  for  a variety  of  joint  con f i gur  it i ons . 
rile  internal  collar  weld  is  probably  limited  froiii  a practical  stand- 
point to  pipes  less  than  eight  inches  in  diameter  because  of  the 
sice  requirements  of  the  external  die.  i'he  external  collar  weUl  could 
probably  be  used  on  tubular  sections  of  24  inch  or  greater  diameter. 

(In  anotlier  development  program  at  DIU,  12  inch  diameter  steel  pipes 
have  been  explosion  welded).  Tlii.s  technique  appears  to  have  the 
fewest  limitations  and  should  be  considered  the  best  ot'  tlie  three 
techniques  for  fluid  distribution  lines.  The  flange  connection  is 
possibly  the  least  attractive  of  the  three  techniques  for  pressurised 
tubular  elements.  However,  the  flange  joint  might  prove  to  he  the  most 
attractive  for  joining  large  diameter  barrel  sections  or  for  non- 
circular  geometries. 

D . Connect  ions  Formed  Usi iig  Syminet rival  Impu Ise  Techniques 
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Un»'  uf  tlif  more  important  potential  IlIW  capabilities  is  that  of 


forming  welds  using  symmetrical  impulses  in  lieu  of  a massive  supi'ort 
anvil.  Quite  simply,  matching  explosive  loadings  and  initiation 
devices  are  used  on  both  opposing  faces  of  tlie  Intended  structural 
connector.  As  the  detonation  occurs,  tlie  Impulses  being  generated 
on  oui'  side  serve  as  the  support  for  the  welding  occurring  on  the 
other  and  vice  versa.  This  technique  can  be  used  to  yield  iiigh 
quality  welds  without  component  warpage  and  witii  no  sophisticated 
initiation  system  being  required. 

Till-  sym.metricai  impulse  teclinique  was  first  applied  to  the  iield 
fabrication  of  a simple  shear  connector.  The  weld  configurations 
attempted  are  shown  in  Figure  198.  As  shown,  the  preset  angle  initial 
geometry  is  used  since  it  is  more  compatible  with  the  fabricatic'n 
scheme.  In  actual  practice,  large  flange  lengths  would  be  unnecessary. 
They  were  used  In  this  situation,  nowL'ver,  to  provide  iengtii-of-weld 
data.  The  selected  explosive  welding  parameters  were  liased  upon  the 
preliminary  results  of  a preset  angle  steel  parametric  welding  study 
not  covered  in  this  report.  In  addition,  the  three  methods  of  initi.i- 
t ion  shown  in  Figure  198  were  of  interest  and  included  as  variables 
in  tin'  test  plan.  The  shear  connector  components  were  of  ,\IS1  1018 
hot-rolled  stei?l.  A possible  field  application  is  shown  in  Figure 
199.  A Saxe  connector  is  used  for  temporary  positioning;  the  flange 
angles  would  be  shop  welded  to  tiie  column.  The  final  structural 
shear  connector  is  made  with  completion  of  the  explosive  Imp.ilse 
welding. 

Symmetrical  Impulse  techniques  can  be  most  advantageous 
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F i >!.urt.'  lyy  Applic 
(a)!)  fi  p. 


Ill  tniililinj;  u;i  flat  1 .imi  iiat  l-s  . This  |in)COS.s  was  demons  t rat  (.‘J  by  ucldiiij; 
two  L'xtonial  s/H  ineli  ahimiiuim  plates  to  a \/2  inch  hoti  1 -Tti 

aluminum  centti-  jilate.  The  plates  were  initially  positioned  tertically 
with  a uniform  1 'S  inch  standoff.  Cardboard  lioxes  on  the  two  outer 

2 

faces  contained  the  lO"!.  Ked  Cross  f xT  i-a  dynamite  loadinj’,  ( I'l  • 

The  result  111)’  symmetrical  detonation  resulted  in  the  welded  composite 
shown  in  Fiiture  JOO.  Note  that  the  element  is  perfectly  flat.  Such 
,1  means  of  field  cladtliii);  coulil  he  used,  I'or  example,  in  biiildinj;  uji 
existing  structural  elements  (increasing  moment  of  inertia)  in  order  to 
increase  the  structural  capacities  of  existing  structures. 

Other  weld  configurations  demonstrated  in  the  apj)!  icat  ions  jirogram 
are  shown  in  i i gures  201  and  202. 
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V.  CONCI.USIONS  AND_  RECOMMI-NDATIONS 

The  primary  purpose  of  this  investigation  was  to  identify  tiie 
parameters  wlticti  significantly  influence  tlie  quality  of  an  explosive 
weld,  and  to  ilevelop  an  engineering  approach  to  the  design  of  a 
high  quality  explosive  weld,  which  minimizes  dependence  on  trial 
and  error. 

Throughout  the  Investigation,  ultimate  tensile  strengtli  in  the 
direction  perpendicular  to  the  weld  plane  was  taekn  as  the  [)rinci- 
pai  indicator  of  weld  quality. 

Prior  to  this  investigation  explosive  welds  having  an  ultimate 
tensile  strength  exceeding  that  of  the  parent  metal  had  been 
achieved,  but  not  routinely.  As  a result  of  this  investigation 
it  hicame  possible  to  routinely  obtain  explosive  weld  tensile 
^,trengths  in  excess  of  parent  metal  strength;  when  optimum  welding 
parameters  were  employed. 

The  minimum  flyer  plate  impact  velocity  required  to  maximize 
weld  tensile  strength  was  found  by  Wittman  at  the  Denver  Researcli 
Institute  to  he 

^P,M1N  ° ~ 

where 

V = minimum  flyer  plate  impact  velocity. 

METERS/ SECOND 

ultimate  tensile  strengtli  of  the 
parent  metal,  NEWTONS/SQl.'ARK  METER 

I = parent  metal  density,  KII.OCRAMS/CUB IC 

METER 
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Tlu-  lollt'wiiig  thri'L'  puramoters  were  found  hy  Wittm.in  to  (Ic-lt-r- 
mint'  I'xp losive  veld  (piality  for  a given  material: 

a.  cullisu'n  point  velocity 

b.  coll  ision  .ingle 

1-.  flyer  plate  tiiirkness 

The  ahovi'  three  welding  paraneter.s  c.in  be  optimized  to  yield 
weld  tensile  strengths  in  excess  of  the  parent  metal  value,  by 
considering  four  criteria: 

a.  The  critical  collision  angle  for  jet  formation 

b.  The  critical  impact  velocity  (or  pres.sure)  for  jot 
form. It  ion  in  the  subsonic  regime 

c.  The  critical  collision  point  transition  velocity 

d.  The  kinetic  energy  of  the  flyer  nlate  and  the  he.ii 
diss  i i).it  ion  c h.i  rac  t e r i s t i cs  of  ttie  collision  region 

Weld  tensile  strength  is  not  unitjuely  determine.i  by  inlirt.ice 
deform.iL  ion  w.ivelength . 

Weld  shear  strength  in  the  plane  of  the  weld  .ippears  to  he  the 
sane  in  .ill  directions. 

A dyn.amic  finite  element  computer  program  was  written  in  an 
initl.al  attempt  to  model  the  explosive  welding  process.  The  program 
employed  a homogeneous,  isotro[)ic,  line.trly  elastic  stress-strain 
relation  (Hooke's  law)  for  both  flyer  .iiid  base  plate,  and  predicted 
surface  and  Interface  wave  formation  in  the  bond  zone.  However, 
the  investigation  ended  before  the  rel.itive  lontr ihut  ions  of  compu- 
tational numerical  instabilities,  and  true  wave  formation  meclianisms 
to  the  computed  w.ive  forms  could  be  determined. 
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rill-  Jyiuimic  finite  eli-inent  computer  program  yleldecl  ca  i i ii  1 a ted 
stress-time  histories  <pia 1 i tat i vel y consistent  with  expei imentaj 
results,  hut  .igniticant  stress  magnitude  discrepancies  between 
calculated,  and  nieasun-d  results  wire  observed  which  -were  not 
resolvid.  I’resum.'ihly  at  least  some  ol  these  d i.‘5crepanc  ies  wen- 
caused  by  the  lad  that  the  computer  program,  even  though  quite 
complex,  did  not  consider  many  et  the  material  physical  processe;, 
relevant  to  i-xplosive  welding,  e.g.,  thermodynamic  processes  and 
phase  changes. 

A considerable  ciuantity  of  experimental  data  demonstrated  t he 
vnlidity  of  the  sti-ady  state  as.sumption,  that  explosive  detonation 
viloi-ity  and  lollision  point  velocity  are,  on  the  average,  equal. 

Using  the  steady  state  assumption,  a method  was  devised  for 
mathem.at  ical  ly  converting  an  instantaneous  flyer  plate  coniigur.i- 
tion  to  .a  motion-time  history  for  a typical  flyer  pl.ate  element. 
Such  a matiiematic.ll  representation  tor  the  motion  ol  a flyer  pl.iie 
element  can  be  used  to  relate  explosive  parameters  to  tlyer  plate 
impact  velocity. 

During  this  investigation  work  was  done  by  others  on  explosive 
characterization  and  explosive/metal  interaction,  and  prediction  of 
flyer  plate  impact  velocities  produced  by  a given  type  and  amount 
of  explosive. 

Future  explosive  welding  investigations  should  focus  on  the 
economic  aspects  of  explosive  welding,  the  performance  of  explosive 
materials  and  the  possibility  of  expanding  the  presently  small 
number  of  apji  I ications  for  which  expli'slve  welding  is  the  most 
economical  joining  technique. 
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